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ABSTRACT
Lithologic and geophysical log data  from 46 boreholes in E ast Central 
Yucca Flat, Nevada Test Site, are used to develop lithostratigraphic 
and hydrostratigraphic columns. Non-zeolitized volcanic 
lithostratigraphic un its geologically correlate to hydrostratigraphic 
units. Zeolitized volcanic lithostratigraphic un its  are combined into a 
single hydrostratigraphic unit. No systematic trend of porosity or 
perm eability was found in the alluvium which comprises the 
upperm ost hydrostratigraphic unit. Profiles of m ean porosity vs 
lithostratigraphic elevation for 11 lithostratigraphic un its  are 
presented. Nuclear test cavities, rubble chimneys and  collapse 
craters collectively comprise a  fourth hydrostratigraphic unit.
iii
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CHAPTER 1
INTRODUCTION
The Nevada Test Site (NTS), Figure 1, is a  349,650 hectare (1,350 sq. 
mi.) area in Nye County about 105 kilometers (65 miles) northw est of 
Las Vegas, Nevada. Since the s ta rt of testing on Jan u ary  27, 1951, 
seven hundred twelve announced nuclear tes ts have been conducted 
a t the NTS; one hundred  five atmospheric tests and six hundred 
seven underground tests (U.S. Departm ent of Energy, 1991, pg. v). 
Yucca Flat, (See Figures 2) an  alluvium filled valley in the east central 
portion of the NTS, has been the site of five hundred  forty-eight 
underground nuclear tests. A study area of 8416 hectares, shown in 
Figure 3, was selected based on the availability of lithologic and 
geophysical data.
The lithostratigraphy of Yucca Flat, in gross term s, is alluvium 
underlain  by a  thick sequence of air fall and ash  flow tuffs, which, in 
tu rn , is underlain by Paleozoic clastic and carbonate sediments.
Table 1.1 lists the lithostratigraphic units encountered in Yucca Flats. 
Late Precam brian to Middle Cambrian quartzites and siltstones 
underlie the Paleozoic rocks (Winograd and Thordardson, 1975, C l 1), 
however none of the holes used in this study were deep enough to 
penetrate these sediments.
1
2Table 1.1: Lithostratigraphic Units and Symbols 
L ith o stra tig rap h ic  Unit Sym bol
Q uaternary A lluvium ........................................................................... Qal
Timber M ountain Tuff..........................................................................Tm
Ammonia Tanks M em ber...............................................................Tma
Rainer Mesa M em ber...................................................................... Tmr
Upper Bed (Informal).................................................................... Tmru
Middle Bed (Informal)................................................................... Tmrm
Lower Bed (Informal)...................................................................Tmrl
Paintbrush T u ff.....................................................................................Tp
Pre-Rainier Mesa,
Post-W ahmonie Bedded Tuffs,
Undifferentiated................................................................................Tx
Lower Wahmonie T uff..................................................................... Tw
Crater Flat Tuff, Undifferentiated..................................................... Tc
Bullfrog Tuff....................................................................................... Tcb
Belted Range Tuff, Grouse Canyon M em ber.................................. Tbg
Tunnel B e d s ........................................................................................... Tt
Unit 4 .................................................................................................. Tt4
S ubunit 4 E ....................................................................................Tt4e
Unit 3 .................................................................................................. Tt3
Subunit 3BC...................................................................................Tt3bc
Belted Range Tuff, Tub Spring M em ber...........................................Tbt
Unit 2 (Tunnel Beds)........................................................................Tt2
Yucca Flat T u ff ...................................................................................... Tyf
Unit 1 (Tunnel Beds)........................................................................T tl
Redrock Valley Tuff............................................................................... Trv
Pre-Redrock Valley,
Post-Fraction Bedded Tuffs, U ndifferentiated................................Tot2
Fraction Tuff........................................................................................... Tf
Pre-Fraction Bedded Tuffs, Undifferentiated.................................. Totl
Paleocolluvium (Tuffaceous)............................................................... Tic
Paleozoic Rocks, Undifferentiated......................................................Pz
Paleozoic C arbonates............................................................................Pzc
3Underground nuclear tests introduce radionuclides into the
subsurface environment. Migration of these radionuclides within, and
off the test site is a potential hum an health hazard. Remson, Dreiss
and Joum el, 1982, observed.
It is agreed generally that the most likely natural process 
by which radionuclides might reach the biosphere from a 
repository is hydrologic transport. . . . the most used 
techniques for identincation of hydrologic param eters 
were developed for relatively high-permeablity w ater­
bearing rocks. Paradoxically, if these standard 
techniques work in a candidate repository host rock, that 
rock is probably too permeable for use as a repository.
Neglecting diffusion through solid media, radionuclides are 
transported by fluid1 advection, dispersion, and diffusion within the 
subsurface media. Fluid moves through the the interstices of geologic 
media. The quantity and geometric arrangement of the interstices 
controls the velocity of advective flow of a constant viscosity fluid 
under a constant pressure gradient. Knowledge, or an informed 
estimate, of the geometry of the interstices of a medium is necessary 
to accurately model fluid movement through that medium (Bear.
1972; Dullien. 1992; Adler, 1992).
One of the primary concerns of radionuclide migration is. when will 
radionuclides first arrive at some point in space? Travel time is a 
function of path distance and fluid velocity. The physical 
arrangem ent of the highest and lowest permeability units is of 
primary concern. This paper adopts the premise of Barnes, 1988. pg. 
477.
1. Fluid, in th is context. in c ludes gases.
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5... th a t estimating a  spatial average is not the u sua l 
objective of geologic site characterization. Rather, it is 
often more im portant to collect sam ples th a t accurately 
represent the underlying distribution for the variable of 
interest; particularly, sam ples that rejlect extreme values 
o f the distribution [emphasis added].
Hydrostratigraphic units are bodies of rock defined by the natu re  and 
abundance of the interstices (Seaber, 1992, 1). Identifying, 
describing, and mapping hydrostratigraphic units should improve the 
modeling of fluid movement.
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N otation  and D efin itio n s
The following symbols, abbreviations, and definitions are used in th is 
paper.
Table 1.2: Symbols
Es ...............................................................  S tratigraphic Elevation, the
vertical distance from the base 
of the un it divided by the un it 
thickness
O ...............................................................  Porosity
j l l  ................................................................. The dynamic viscosity of
water, assum ed to be 1.002 
Newton seconds/m eter
pb ..............................................................  Bulk density of geologic
m edium (gm/cc)
P g   ....................................................  Grain or powder density of
geologic m edium  (gm/cc)
pe ...............................................................  Electron density of geologic
medium  and the content of 
pores
pw ..............................................................  The density of water, assum ed
to be 1000 gm /cc
g  ................................................................. Acceleration due to gravity,
assum ed to be 9.81 m /sec2
K  ...............................................................  Hydraulic Conductivity,
defined as kt (pw g)/\i
kj ...............................................................  Intrinsic permeability
kj ...............................................................  Intrinsic permeability
estim ated with the Jorgensen 
empirical equation
Intrinsic permeability 
estim ated with the 
Kozeny-Carman equation
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Table 1.3 lists symbols specific to the “Lithology” table of the Los 
Alamos National Laboratory GEODES database. The word “lithology” 
is placed in quotation m arks to emphasize th a t these term s only 
address the degree of welding and are not complete descriptions of 
lithology.
Table 1.3: GEODES "Lithology" Symbols
Sym bol D escrip tion
NW T........................................................... Non-welded Tuff
PWT .......................................................... Partially welded Tuff
MWT ......................................................... Moderately welded Tuff
V T ...............................................................Vitrophyre
B ................................................................. Bedded Tuff
The term correlation has different m eanings in different disciplines. In 
th is paper, when referring to geologic units, the definition found in  the 
North American Code of Stratigraphic Nomenclature is adopted, “. . . 
the dem onstration of correspondence between two un its in both  some 
defined property and relative stratigraphic position.” When 
quantitative variables are being discussed, correlation m eans the 
degree of relationship between variables.
The definition of hydrostratigraphic un its  from Seaber’s 1992
proposed addition to the North American Code of Stratigraphic
Nomenclature is adopted:
Hydrostratigraphic units are defined and recognized by 
observable characteristics of the interstices in any body of 
rock. They are defined by the num ber, size, shape, 
arrangem ent, and interconnection of the interstices, and 
are recognized on the basis of the nature , extent, and 
m agnitude of the interstices in any body of sedimentary, 
m etamorphic, or igneous rock.
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Spatially distributed, m ultivariate data dem ands consistent notation 
and nom enclature, therefore the general spatial model of Cressie, 
1991, is adopted:
Let se Rd be a generic data  location in d- 
dimensional Euclidean space and suppose the potential 
datum  Z(s) a t spatial location s is a  random  quantity.
Now let s vary over index set DcRd so as to generate the 
multivariate random  field (or process)
{Z(s):s eD); (1.1.1)
a realization of (1.1.1) is denoted {z(s):seD}2.
O bjectives
The objectives of this paper are:
1. Development of a lithostratigraphic colum n for the study 
area from existing, unclassified information. This 
lithostratigraphic colum n is to serve as a  geologic context 
within which to interpret geophysical logs and other 
m easurem ents of physical properties;
2. Development of a hydrostratigraphic colum n estim ated and 
inferred from lithologic and geophysical log data, and 
consistent with Seaber’s 1992 proposed addition to the North 
American Code of Stratigraphic Nomenclature; and,
3. The identification of relationships, both qualitative and 
quantitative, between the lithostratigraphic and 
hydrostratigraphic units.
2. The letter “z" In this context should not be confused with vertical data In an x,y,z system of 
coordinates.
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To accomplish these objectives, a  database of geophysical logs, 
m easured properties from sam ples, and qualitative lithostratigraphic 
information was assembled from Los Alamos and Lawrence Livermore 
National Laboratories, and D epartm ent of Energy NTS contractors.
P revious Work
Differing m ethods have been used to identify hydrostratigraphic un its
as the definition of hydrostratigraphic units has evolved. Maxey,
1964, defined hydrostratigraphic un its as,
bodies of rock with considerable lateral extent th a t 
compose a  geologic framework for a  reasonably distinct 
hydrologic system. . . .  As a  specialized category within 
the framework of the present stratigraphic code [1961 
Code of Stratigraphic Nomenclature] hydrostratigraphic 
un its would allow the geologist to express clearly and 
more precisely the similarities, parallels and contrasts 
between them  and other un its  now recognized by the 
code.
Seaber, 1988, summarizing the evolution of the concept of 
hydrostratigraphic units, points out that, “Much of the confusion in 
classifying and naming hydrostratigraphic un its occurs because the 
na tu re  and boundaries of the un it have not been defined before 
m apping the u n it.”
Particularly im portant to th is study is the removal of fluid from the
specification of hydrostratigraphic units.
This redefinition of hydrostratigraphic un its ties such  a 
un it to the rock column, b u t not necessarily to the 
dynamics of the flow system, which can be ephem eral in 
term s of geologic time and is subject to changes by the 
work o f  man. [emphasis added] (Seaber, 1988)
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The NTS was chosen by the Atomic Energy Commission, predecessor 
of the D epartm ent of Energy, as a  nuclear explosive test location 
largely due to its geographic isolation. However, the thick 
u n sa tu ra ted  zone available to contain the effects of nuclear testing 
was an  additional consideration in its continuing use. The majority of 
underground nuclear explosive tests within the area of th is study 
were conducted in the unsa tu ra ted  zone. The presence or absence of 
fluid is not a  determining factor in the delineation of 
hydrostratigraphic units; th u s this study does not include present day 
w ater levels.
The estim ation of porosity and permeability has long been the subject 
of research in the petroleum industry. Relatively recently, attem pts 
have been m ade to adapt some of these m ethods to non-petroleum  
bearing rocks(Collier, 1993). Jorgensen (1988, 1989, 1991) developed 
an  empirical equation for estim ating intrinsic permeability (kt) from 
geophysical logs. Johnson  and Dreiss, 1989, used indicator 
geostatistics on qualitative information to define and m ap alluvial 
hydrostratigraphic units. Moline, Bahr and Shepherd, 1990, used a  
m ultivariate statistical analysis of geophysical log data  to delineate 
informal hydrostratigraphic units. Bohling, Harff and Davis, 1990, 
discussed a  process labeled regional classification which could be 
used “. . . to determine the optimal zonation of aquifer transm issivity 
for a  groundwater flow model. . .” Merin, 1992, used rock cores, 
borehole geophysical logs, and th in  sections to identify fractured 
zones, roughly equivalent to hydrostratigraphic units, in a  siltstone. 
Dale, 1994, used geophysical logs, primarily acoustic velocity, in
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conjunction with lithostratigraphic data  to identify hydrostratigraphic 
un its in three holes a t Rainier Mesa, NTS. Istok, and others, 1994, 
developed an  empirical model of spatial variability of porosity and 
permeability in an ashflow tuff a t Yucca Mountain, NTS.
CHAPTER 2
METHODS OF INVESTIGATION 
D ata C ollection
Over 20,000 geophysical logs of 141 different types have been ru n  in 
the 2,500 plus holes drilled a t Yucca Flat (Donnelly, 1993-94, 
personal communications). The forty-six study area holes were 
selected on the basis of total depth, similarity of geophysical log suite, 
proximity to other study holes, and availability of lithologic 
information.
A database of in excess of 750,000, three-dim ensionally located 
m easurem ents for the study area holes was assem bled from the 
records of the Los Alamos National Laboratory (Neergaard, 1994, 
Warren, 1994), Lawrence Livermore National Laboratory (Pawloski, 
1994), and  Raytheon Services Nevada, Inc (Donnelly, 1993-94, 
Drellack, 1994-95). Suites of geophysical tool m easurem ents were 
assem bled for each hole. Examples of typical log d a ta  is shown on 
pages 131 -  136, Appendix II. M easurem ents from sam ples such as 
grain size classification were added to the database. Qualitative 
information such  as lithostratigraphy and alteration was included in 
the database.
15
16
G eophysical Tools
The following table lists the geophysically m easured properties that 
were used in th is study:
Table 2.1: Types of Geophysical Logs Used in Study
Geophysical Log Physical Property Measured Units
Resistivity Resistance to electric current flow Ohm-meters
Gamma-ray Natural radioactivity (K, Th, U) API Units
Density Electron density of fluid & matrix gm /cc
Neutron Concentrations of hydrogen % Water
Sonic Velocity of compressional sound wave Meters/Sec
Caliper Size of hole Meters
Source: Adapted from Geoscience Canada, Cant, 1983
The na tu re  of the information found in geophysical logs varies with 
the type of log. Resistivity and caliper logs directly m easure physical 
properties, resistance to the flow of current and the radius or 
diam eter of the hole. Gamma-ray logs are detector counts which have 
been standardized to API (American Petroleum Institute) Units. 
Neutron logs are detector counts algorithimically converted to percent 
w ater by weight. Some tools have built in calipers which m easure the 
distance from the instrum ent to the borehole wall and automatically 
alter the reported values to compensate for borehole rugosity3. The
3. Rugosity Is variation from the expected borehole size, caused either by washout or caving.
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vertical interval or spacing a t which values are reported varies from 
log type to log type. All of the geophysical data  used in th is study  was 
obtained from com puter databases. The data  was averaged or 
smoothed and then  sampled a t a  regular interval a t the time it was 
entered into the original databases. Thus, the geophysical log values 
obtained for th is study have all been processed to some degree, either 
smoothed by averaging or corrected for borehole effects such  as 
rugosity. It is assum ed for the purpose of this paper th a t such 
processing was correctly performed and th a t the resulting data  is a 
more accurate representation of subsurface conditions th an  would be 
presented by the raw data.
Drilling can change the interstices of geologic media being penetrated 
by fracturing, deposition of m ud cake or other effects. Such changes 
in the interstices will then effect geophysical logging tools in the same 
way as interstices arising from natu ra l causes. Drilling effects, no t 
having been quantified, are considered negligible for the purpose of 
this paper.
R esistivity Tools
Resistivity tools m easure the resistance to the flow of electrical 
current through the surrounding material. This resistance is a 
function of the am ount and resistivity of the fluids p resent in the 
formation, the geometry of the interstices of the formation, and the 
resistivity of the m atrix (Schlumberger Educational Services, 1989, 
pg. 4-1). Generally, as the porosity of formation increases, the 
resistivity decreases. If the porosity, the quantity and conductivity of
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the fluid, and m atrix are assum ed to be constant, then  the geometry 
of the interstices becomes the controlling variable. For th is reason, 
resistivity logs can  be considered as containing some information on 
permeability4 (Collier, 1993, 157).
The resistivity of geologic m atrix is often considered to be infinite. At 
the Nevada Test Site, the presence of zeolitized tuffs with relatively 
high surface conductance, m akes th is assum ption less w arranted.
A som ewhat u nusua l tool used a t the NTS is the dry hole or Wenner 
resistivity tool. Dry hole resistivity values are largely a m easure of 
satu ration  (Hearst, 1994). That is, resistivity is strongly negatively 
correlated with w ater content. For any given body of porous rock, as 
the w ater content decreases, the path  of electrical conductance will 
increase in both tortuosity and constriction, thus increasing the 
resistivity (Doyen, 1988, 7732).
If the w ater content of a un it of constant porosity and intrinsic 
permeability varies in the vertical direction, the resulting resistivity 
curve varies inversely. This is the profile found when an  oil and water 
bearing stra tum  is logged. In the case of an unsa tu ra ted  constant 
porosity unit, w ater content is largely a function of pore size 
distribution (Juiy, Gardner and Gardner, 1991, 91). Doyen, 1988, pg. 
7734, dem onstrated a relationship between pore size distribution and 
conductivity. In evaluating w ater content and resistivity in 
u nsa tu ra ted  media, low water content may arise from either low 
porosity or a  pore size distribution skewed towards large pores.
4. Any Inferences regarding permeability must be qualified by the depth of tool Investigation; the 
pore space may be interconnected within that radius, but not over a larger scale.
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Assum ing an unsatu rated  un it with static water content5 and 
relatively constant grain density, then  if the density logs shows a 
vertical m ean trend, those portions of the unit with the lowest w ater 
content will have the greatest intrinsic permeability. Conversely, the 
highest w ater content will indicate the lowest intrinsic permeability. If 
w ater content is assum ed to be static, then any difference in vertical 
distribution is due to pore size variation. Water is preferentially 
retained in small diameter pores. For any given porosity, specific 
surface m ust increase as the pore size distribution is skewed toward 
sm all diam eters. An increase in specific surface m eans a likely 
decrease in intrinsic permeability. Alternatively, for any given 
porosity, a  decrease in w ater content can be explained by a pore size 
distribution skewed toward larger diameters. Larger diam eter pores 
will be preferentially dewatered. This explanation is consistent with 
the resu lts of the dry hole resistivity tool, since a diy  pore is highly 
resistive.
For the purpose of this paper, it is assum ed th a t precipitation, 
infiltration, and recharge have been close to uniform in time and 
space.
As show n in Figure 4, vitrophyres have a m ean resistivity of roughly 
600 om h-meters, as opposed to m ean resistivity values under 300 
om h-m eters for bedded, nonwelded, and less intensely welded tuffs. 
While there is a  substantial difference between the m eans, the
5. Static water content means that vertical variations in water content are not the result of 
recharge events moving from the surface to the water table. Given the thickness of the 
unsaturated zone at NTS and the transformation from absolute elevation to stratigraphic 
elevation, this seem s to be a reasonable simplification.
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variability of resistivity for vitrophyres is so great th a t th is rock type 
cannot be distinguished on the basis of resistivity alone.
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Figure 4: Resistivity of LANL "Lithology" Classes
Natural Gamma Tools
N atural Gamma tools m easure the natu ra l radioactivity, i.e., gamma 
rays, emitted by the geologic m atrix (Schlumberger Educational 
Services, 1989, pg. 3-14). In m ost sedim entary environm ents, clays 
and shales show elevated concentrations of radioactive minerals, th u s 
n a tu ra l gam m a tools are used to detect such high porosity, low 
permeability un its (Collier, 1993, 237). However, tuffs do not undergo 
any significant winnowing processes. Clays found in the  tuffs are in- 
situ  alteration products; th u s the natu ra l gamm a count should be not 
higher th an  unaltered tuffs. Natural gamma logs are used to identify
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some of the tuff un its based upon the content of thorium  (Pawloski, 
McKague and Wagoner, 1991, 271). Figure 5 has no m ean value for 
bedded tuffs (“B” in Figures 4, 6, 7, and 8) because none of the study 
holes which were logged with the natural gam m a tool had intervals 
identified as bedded tuff “lithology” in the Los Alamos National 
Laboratory GEODES database.
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Figure 5: Natural Gamma API Units of LANL "Lithology" Classes
N atural gamma can be used indirectly to identify some types of 
hydrostratigraphic units. If a  hydrostratigraphic u n it coincides 
directly with a lithostratigraphic un it and the lithostratigraphic un it 
represents a single depositional event with distinctive quantities of 
radioactive constituents, then  the gamma log response can be used to 
delineate the hydrostratigraphic unit. However, no information is
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gained regarding the defining properties, i.e. porosity and 
permeability, of hydrostratigraphic units.
Density Tools
Gamma-Gamma (y-y) density tools use a  source of m edium energy 
gam m a rays (commonly 60cobalt or 137cesium) pressed against the 
side of the borehole. Detectors on the tool count gamma rays 
returning from the formation which have collided with electrons in the 
m atrix and fluid (Schlumberger Educational Services, 1989, pg. 5-9). 
The detectors count only gamma rays which have undergone 
Compton scattering, th u s the count is a  function of electron density 
pe(Collier, 1993, 290). Electron density is considered to be 
proportional to wet bulk density, pb. Gamma rays only penetrate 
about 15 cm (5 inches), th u s information gathered by the tool is 
representative of a rock cylinder only slightly larger than  the borehole.
There is an  increase in density with an  increase in the intensity  of 
welding. However, the substantial variability precludes using th is 
property alone to determine the degree of welding. Volcanic intervals 
of a  density greater th an  2.0 gm /cm 3 are likely to be vitrophyres.
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Figure 6: Bulk Density of LANL "Lithology" Classes 
Neutron Tools
Neutron tools are similar to Gamma-Gamma Density tools in th a t a 
radioactive source is pressed against the borehole wall and detectors 
count returns. The difference is th a t the source (usually am ericium  - 
beiyllium) emits neutrons and the detectors count returning 
epitherm al or therm al neutrons or capture gamma rays 
(Schlumberger Educational Services, 1989, pg. 5-21). The count is 
primarily a function of the hydrogen content of the formation 
(Schlumberger Educational Services, 1989, pg 5-22; Collier, 1993, 
307). The logs used in th is paper are epitherm al or therm al neu tron  
counts converted into a hydrogen index or a  w ater content. The
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hydrogen index is the water content expressed in decimal format, 10% 
w ater content is equivalent to 0.1 Hydrogen Index (Hawkins, 1994).
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Figure 7: W ater Content (%) of LANL "Lithology" Classes
Water content decreases with the intensity of welding. However the 
range of m ean w ater content values shown in Figure 7 is so small 
compared to the variability within each “lithology” as to limit the 
utility of th is relationship. The limited variability shown for 
vitrophyres is the resu lt of a very small sample size, and should not 
be considered representative.
Acoustic Velocity Tools
Acoustic logs consist of a sound source and a detector. The log is a 
record of the time it takes for a  sound pulse to travel a  known
NWT PWT MWT VT
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distance, th a t is, from the source to the detector (Schlumberger 
Educational Services, 1989). The velocity is a  function of the geologic 
matrix, the porosity, and the pore fluid. Porosity can be estim ated by 
m aking assum ptions regarding the acoustic velocity of the m atrix and 
fluid. Because of the abundance of bulk density, grain density, and 
w ater content m easurem ents, and the relative paucity of acoustic 
velocity data, porosity was not estim ated from acoustic velocity.
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Figure 8: Acoustic Velocity (M/Sec) of LANL "Lithology" Classes
The low m ean acoustic velocity shown for vitrophyres in Figure 8 is 
anom alous and is probably the resu lt of limited sam ples size. The 
m ean values of non-welded, moderately welded, and partially welded 
tuffs show a m odest increase in acoustic velocity w ith increased 
welding, b u t the high variability m eans this property alone is not 
adequate to identify these rock types.
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Caliper Tools
Log Calipers m easure the size of the hole, yielding the dimension of 
either the diam eter or radius. Most commonly, one or more arm s are 
hinged from the tool body to m ake contact with the wall of the 
borehole. A laser caliper has been used a t the Nevada Test Site when 
extreme precision was desired. Borehole size variation can be used in 
two ways; first, to evaluate the quality of other logs, and secondly to 
m ake rough estim ates of the competence of the rocks being 
penetrated.
It is difficult, if not impossible, with some tools to get accurate data  
from sections of boreholes with rapidly changing diam eters. Varying 
the distance between the tool detector and the borehole wall causes 
fluctuations in tool response even if the surrounding rock is perfectly 
homogeneous. Some tools attem pt to com pensate for th is variation, 
and some of the logs have been processed to minimize the effects of 
rugosity.
Sections of a  borehole where the diameter is greater th an  expected 
m ay indicate softer, friable or fractured rock. W ashouts, as such  
sections are called, are where m aterial has been removed from the 
borehole walls. However, an  enlarged borehole m ay also be the resu lt 
of a  drilling problem, so caution m ust be used in m aking this 
interpretation.
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Log Interpretation
Hydrostratigraphic un its are defined primarily by the porosity and 
permeability of geologic media. Porosity is defined as
O=100(Vv/Vt)
where
O is the porosity in percent,
Vv is the volume of voids6 
Vt is the total sample volume.
Porosity is readily estim ated from density, neutron, and sonic logs 
(Collier, 1993; Schlumberger Educational Services, 1989). In the 
study area, the results of 1860 sample grain density tests were used 
w ith neutron  log water content values, and gamm a-gam m a density 
values to estim ate porosity (Burkhardt, 1989, 225) as follows:
O =  (1 -  ( P b / P g ) )  (1 -  Z) 
where
O is porosity, 
pb is the wet bulk density, 
pg is the grain density 
Z is the w ater7 content.
6. Voids, for the purpose of this paper, include any volume not occupied by geologic media, 
regardless of genesis.
7. Burkhardt's assumption that the density of water at NTS is 1.0 Mg/m3 is followed.
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Permeability is, . . the ability of a  porous medium  to transm it fluid 
through it (Bear, 1972).” Permeability is related to hydraulic 
conductivity (Hubbert, 1940) as follows:
K  = kjlpg/|i)
where
kt is intrinsic permeability, 
p is fluid density, 
g is acceleration due to gravity,
|i is the dynamic viscosity.
Intrinsic permeability is a  property solely of the medium  and is not 
affected by the fluid8. The hydrostratigraphic un its identified in th is 
paper are based upon estim ated porosity and inferred intrinsic 
permeability.
The identification of hydrostratigraphic units is a  classification
problem dealing with spatially distributed, m ultivariate data. Pirsig,
1974, pg 75 -  76, identified classification as a prim aiy activity in
scientific investigation,
Once we have the handful of sand, the world of which we 
are conscious, a  process of discrimination goes to work 
on it. This is the knife. We divide the sand  into parts.
This and that. Here and there. Black and white. Now 
and then. The discrim ination is the division of the 
conscious universe into parts.
The handful of sand looks uniform at first, b u t the longer 
we look a t it the more diverse we find it to be. Each grain 
of sand is different. No two are alike. Some are sim ilar in 
one way, some are sim ilar in another way, and we can 
form the sand into separate piles on the basis of this
8. Chemical alteration or solution of the medium Is considered negligible.
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similarity and dissimilarity. Shades of color in different 
piles — sizes in different piles — grain shapes in different 
piles — grades of opacity in different piles and so on, and 
on, and on. You’d th ink  the process of subdivision and 
classification would come to an end somewhere, b u t it 
doesn’t. It ju s t  goes on and on.
The problem of classification is fundam ental to earth  sciences: 
petrology classifies rocks based on origin, composition, and alteration; 
stratigraphy classifies volumes of rock into un its based on, “. . . 
composition, geometry, sequence, history, and genesis. . .” (North 
American Commision on Stratigraphic Nomenclature, 1983, 847).
An additional difficulty in classification in the earth  sciences is the 
issue of variation with movement in space. Some classes used by 
earth  scientists, such as depositional facies, are defined by the way a 
se t of properties varies through space. The criterion of mapability 
introduces the practical problems of scale and proximity, “E arth 
Scientists . . . .  wish to group individual sam pling sites tha t both have 
sim ilar properties and are close to one another on the ground 
[Emphasis added]” (Oliver and Webster, 1989).
Jam es, 1985, lucidly sum m arized the problem, “. . . , classification 
analysis addresses itself to the problem of assigning an  object to one 
of a  num ber of possible groups on the basis of observations m ade on 
the object.”
In Cressie’s notation, hydrostratigraphic un its m ay be described as: 
The subset of (Z(s):se D) such  th a t
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where p is the set of properties Pi..pn which define hydrostratigraphic 
un its and p ^  and p ^  are bounding values for the ith defining
property.
In the case of hydrostratigraphic units, an  object is a  location s, some 
point in three dimensional space. An observation, zp(s), is a  
m easurem ent of some relevant property, p, i.e., a  defining 
characteristic such  as porosity, a t location s. Membership in some 
pre-existing class or group, such as a lithostratigraphic unit, is also 
treated as an  observation.
Hydrostratigraphic un its can be identified by finding spatial trends in 
the defining properties. Definitions of homogeneity, heterogeneity, 
isotropy, and anisotropy by Freeze and Cherry, 1979, pg 30, are used 
in th is paper
If the hydraulic conductivity K  is independent of position 
within a geologic formation, the formation is 
homogeneous. If the hydraulic conductivity K  is 
dependent on position within a  geologic formation, the 
formation is heterogeneous. . . .  If the hydraulic 
conductivity K  is independent of the direction of 
m easurem ent a t a  point in a geologic formation, the 
formation is isotropic a t tha t point. If the hydraulic 
conductivity K varies with the direction of m easurem ent 
a t a  point in a  geologic formation, the formation is 
anisotropic a t th a t point.
The sim plest unit, a  completely homogeneous volume, can be 
described by the constant values of the defining properties, O and k,, 
and the spatial boundaries of the unit. Units w ithout spatial trends 
are bounded where the m ean values of the defining properties 
significantly c ige. Such complete homogeneity is rarely, if ever, 
found in field situations,
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If the porosity and the permeability of a  reservoir is a 
stationary9 and ergodic10 phenom enon then the reservoir 
m ay be called “homogeneous” in the stochastic sense of 
the word, even though these properties of the reservoir 
vary from point to point. This definition of homogeneity of 
a  reservoir is probably the only one th a t any real reservoir 
is going to meet, to any reasonable approximation, 
because space invariant porosity and permeability do not 
exist, even approximately, in any known reservoir 
[Emphasis added] (Dullien, 1992, 106).
A more realistic example would be a un it which shows no spatial 
trend, b u t does have small scale heterogeneity. Such a un it m ay be 
described by the central values of the defining properties and the 
distribution about those values. Additionally, the un it m ay show 
some spatial struc tu re  which m ay be described by the semivariograms 
of the defining properties.
If the defining properties of hydrostratigraphic un its do vary
systematically in space, then the question of boundaries is more
difficult. Consider an  airfall tuff in which the grain size increases
linearly with depth. The porosity m ay decrease linearly with depth
while the permeability increases nonlinearly. The definition of
hydrostratigraphic units addresses this type of problem,
Boundaries are placed a t distinct contacts or m ay be fixed 
arbitrarily within zones of gradation. Both vertical and 
lateral boundaries are based on the changes in porosity 
and  permeability tha t provide the greatest unity  and 
practical utility. . . .
Where a hydrostratigraphic un it changes through 
gradation into, or intertongues with, a  rock m ass with 
m arked different porosity and permeability it is usually 
desirable to propose a new unit. It may be necessary to 
draw  an arbitrary boundary within the zone of gradation.
9. No discernible trend in the mean value of the property with movement in space.
10. If the reservoir were repeatedly sampled and each set of samples yielded the sam e statistical 
results, then the reservoir would be exhibiting ergodicity.
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When the area of intergradation or intertonguing is 
sufficiently extensive, the rocks of mixed character may 
constitute a third unit. (Seaber, 1992, 3-4)
W here deterministic spatial trends in the defining properties of 
hydrostratigraphic un its  are found or can be inferred, boundaries are 
chosen to identify un its of extreme high or low intrinsic permeability.
Hydrostratigraphic un its are volumes of three dimensional space 
distinguished by the similarity of the interstices. Interstices are more 
sim ilar in size, num ber, shape, and interconnectedness within a  un it 
th an  between units. Interstices either are created during the 
formation of the rock or by some subsequent process.
To identify sources of variance in geophysical logs, it is best to s ta rt 
with a  simple model, a  single homogeneous layer of uniform 
thickness. If holes are bored through th is layer, how will geophysical 
logs ru n  in tha t layer appear? If the homogeneity is absolute and the 
boreholes are perfectly smooth, and the instrum ent is operated 
perfectly, then  the logs will be identical stra igh t11 lines showing a 
single value. For the purpose of this paper, it is assum ed th a t the 
logging tools were operated correctly and th a t borehole effects were 
absen t or have been compensated. Further, the liquid and gases in 
the m edia are considered compositionally invariant. Variation in the 
data  is considered to be arise solely from variation in the geologic 
media, including variation due to differing liquid /gas ratios in the 
interstices. These simplifying assum ptions are m ade to facilitate 
analysis; it is hoped th a t variation due to neglected factors is either
11. All of the nuclear logs, density, gamma, and neutron, will show some small scale, Irreducible, 
variability due to the Inherent variation in the production of gamma rays and neutrons.
33
randomly distributed about the axis being investigated, or is of small 
effect relative to the phenom ena being sought.
Layers of perfectly uniform thickness are rare in natural settings. 
Transforming absolute elevation12 into stratigraphic elevation or the 
relative percent of a u n it’s thickness, allows data  to be compared as if 
it were from a uniformly thick layer. W hat is lost in this 
transform ation is the ability to distinguish variance attributable to 
absolute elevation as opposed to relative elevation. For example, if a  
dipping formation is evenly zeolitized a t 1000 m eters above sea level, 
the transform  to stratigraphic elevation will lose this information. 
Transforming absolute tool response into relative tool response within 
a  layer is done in a  sim ilar fashion, using the minimum and 
maximum values.
Plotting the m ean value of a property (bounded by one standard  
deviation) as a function of stratigraphic elevation should reveal the 
degree of vertical homogeneity (See Figures 42, 44, and 22 -  26). The 
vertical intervals a t which the m eans are calculated define the  size of 
feature which can be detected. Features th inner than  the interval 
spacing will not be discerned.
If the m eans are vertically aligned, then  the un it is displaying first 
order stationarity in the vertical direction. The unit, in regards to th a t 
property, m ay be described by a  central value, the mean, and  a 
distribution about th a t mean. This pa ttern  is likely to be encountered 
in un its which show small scale variability and large scale
12. All elevations are simply distances from a reference datum, a 
Absolute elevation uses a geodetic reference datum.
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homogeneity, such  as alluvium. If the m eans are linearly aligned, bu t 
not vertical, then  the unit m ay be described by the slope of a line fit 
through the m eans and a distribution about th a t line.
Units m ay display distinctive nonlinear trends, which may be 
interpreted in geologic terms. The curves shown in Figures 31, 32,
35, and 36, are examples. W hen the m easured properties are those 
which define hydrostratigraphic units, as in the case of Istok, and 
others, 1994, the relationship between the hydrostratigraphic and 
lithostratigraphic units is well defined by the regression equations. 
When the known properties are geophysical tool responses, then  the 
nature  and strength  of the relationship between tool response and 
defining property needs to be m ade explicit. As p u t by Seaber, 1992, 
pg. 2, “Porosity and permeability m ay be distinctly represented by 
electrical, radioactive, seismic, or other properties, b u t these 
properties by themselves do not describe adequately the interstitial 
character of the un it.”
Lithostratigraphic units were examined for trends as follows:
1. Downhole depths were transform ed into stratigraphic 
elevation (Es) within each lithostratigraphic unit.
2. Absolute tool responses within each hole and 
lithostratigraphic interval were transform ed into relative 
response ranging from 0 to 1.
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3. The m ean values plus and m inus one standard  deviation 
plotted at every one-tenth stratigraphic elevation interval are 
shown in Figures 22 -  26, 42, and 44.
These graphs of geophysically m easured properties for 
lithostratigraphic units are examined for determ inistic vertical trends 
since, . . a  hydrostratigraphic un it may be contained within the 
limits of one rock type, repetitions of two or more rock types or 
extreme lithic heterogeneity. . .” (Seaber, 1992)
Failure to discern a trend does not m ean th a t the  un its  are spatially 
chaotic, ju s t  th a t no trend was identified from this data, using this 
method.
Lithostratigraphic units where the m ean values are vertically aligned 
m ay be considered stationary in the vertical direction for tha t 
property. In geologic term s, the units do not show zonation. To the 
extent th a t the m easured property can be associated with porosity or 
permeability, such lithostratigraphic units may be considered 
hydrologically homogeneous.
Lithostratigraphic units where the m ean values show a trend are 
non-stationary. Simple cooling un it ash-flow tuffs should show a 
nonlinear trend like those seen in Figures 31 and 32. Composite 
cooling un its should show sequences of the simple cooling unit 
profile, however, the process of standardizing and averaging on one- 
ten th  u n it thickness intervals may fail to resolve complex patterns.
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Lithostratigraphic un its may show vertical linear trends as in the case 
of an  upward fining unit.
Two empirical equations used to estimate permeability were evaluated 
for th is study:
1. Kozeny-Carmen equation
2. Jorgenson equation
The Kozeny-Carmen equation (Bear, 1972) is:
fck c  =  cC/iso&ya-m
where
Jckc is intrinsic permeability,
dju is the effective or m ean grain diameter,
O is the porosity.
The Kozeny-Carmen equation was used to estim ate permeability a t 
465 points where grain size d a ta13 was available. The porosity was 
estim ated using the m ethod and assum ptions described in 
B urkhardt, 1989.
Profiles of Kozeny-Carmen k  and O are shown in Figure 34. Kozeny- 
Carm en k  is based upon assum ptions of isotropy and  homogeneity, 
and does not consider fractures.
Jorgensen’s empirical equation for estim ating permeability is:
13. The data was limited to four Wentworth size classes; clay, silt, sand, and pebbles. Linear 
Interpolation Is used to estimate the mean grain size.
37
fc, = 84000(<Dm+2)/(l-® )2 
where
® is porosity is estim ated from geophysical log data, 
m is a  cem entation exponent estim ated from a cross plot 
of resistivity and porosity logs.
Jorgensen  asserts,
The equation can be used for both porous m edia and 
moderately to highly fractured porous media. The 
accuracy of th is equation using data  acquired from the 
u sua l borehole-geophysical logs with no other prior 
knowledge is about plus or m inus one-half an  order of 
m agnitude (Jorgensen, 1991).
A value of m = 1.95 from the slope of the resistivity to porosity cross 
plot was calculated. Jorgensen’s equation assum es local media 
isotropy, constant w ater conductivity and complete w ater saturation. 
Resistivity data  for the study area is composed of both wet (saturated) 
and dry (unsaturated) values. This m ethod was tested bu t was found 
to be inapplicable to the study area because of the unsa tu rated  
resistivity data  and the poor fit found in the resistivity/porosity cross 
plot.
Istok, and others, 1994, developed an empirical approach to modeling 
the  vertical distribution of porosity and permeability in nonwelded to 
welded ash  flow tuffs. The u n it14 is subdivided into a  basal pumice 
bed and upper and lower ash  flows. A regression fit model was
14. The unit used by Istok, and others, 1994, was the shardy base microstratigraphtc unit o f the 
Tlva Canyon Member of the Miocene Paintbrush TXiff as found In the vicinity of Yucca 
Mountain.
38
developed for O and log(K) as a function of stratigraphic elevation15, 
see Figures 35 and 36. The resulting profile is significantly different 
th an  th a t shown in Figure 33, (Winograd and Thordardson, 1975). 
Winograd and Thoardson describe the base of a welded tuff un it as a 
“leaky aquitard” with a  coefficient of transm issibility of less th an  100 
gallons per day per ft. Istok, and others, 1994, identify the basal 
pum ice bed as having the highest hydraulic conductivity (K), 
approximately log(K) of -2 . Both Istok, and others, 1994, and 
Winograd and Thordardson, 1975, recognize th a t porosity and 
permeability are not vertically homogeneous w ithin a 
lithostratigraphic unit. Istok, and others, 1994, discuss the lateral 
variability as well as the vertical, b u t the results are ambiguous. Both 
models represent simple cooling units, defined by Smith, 1960, as a 
single or multiple emplacem ents tha t cooled together.
The method of Istok, and others, 1994, was applied to geophysically 
m easured properties for the study area. Standardized geophysical 
tool responses within alluvial and volcanic lithostratigraphic un its  are 
plotted as a functions of stratigraphic elevation (Es) in Figures 22 -  
26. If the cooling un it model is correct, then  to the extent the 
geophysical tool response is a  function of porosity and permeability, 
profiles similar to the model should be discernible. If the property is 
positively correlated with permeability, then  an  arc shaped profile 
through the cooling un it should be seen. If the property is negatively 
correlated with permeability, a reversed arc should be found.
15. Stratigraphic elevation, Es, Is defined as vertical distance from the base of the unit divided by 
the unit thickness.
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Profiles sim ilar to those predicted by the simple cooling un it model are 
found in some cases. However, some geophysical tools, such  as the 
natu ra l gam m a log, and some lithostratigraphic units, such  as the 
Ammonia Tanks m em ber of the Timber M ountain Formation, show 
little if any resem blance to the profile predicted by the model. Any 
one or a combination of the following factors could be responsible:
1. The un it may have been zeolitized or otherwise altered. 
Winograd and Thordardson, 1975, and Fem ald, 1970, 
com m ent on the reduction of permeability arising from 
zeolitization.
2. The un it may be so th in  th a t vertical zonation did not occur 
to any significant degree. Figure 31 shows th a t distal, and 
therefore thin, deposits display less intense zonation. Pre- 
depositional topographical highs would have caused locally 
homogeneous regions.
3. The un it may have been eroded such  that the rem aining 
zonation in not discernible with the geophysical data  
available for this study.
4. The simple cooling un it model m ay be wrong; porosity and 
permeability may not be distributed as the model predicts.
5. The reported top or bottom elevation of the lithostratigraphic 
un it may be wrong.
6. Sources of variance considered to be random  and negligible, 
m ay be systematic and significant.
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7. The geophysical tool sample size may be too sm all to allow 
system atic trends to be discerned. Sparse acoustic velocity 
data  illustrate this problem.
Porosity Profiles
Porosity can be estim ated a t a point using bulk density (pb) from 
gamm a-gam m a logs, grain density (pg) from samples, and w ater 
content (Z) from epitherm al neutron logs.
® = (1 -  (pb /  pg)) (1 -  Z)
The porosity profiles shown in Figures 9 - 2 0  were derived as follows:
1. The locations of m easured bulk  density, grain density, and 
w ater content values were converted into stratigraphic 
elevations (Es).
2. Each lithostratigraphic interval was divided into ten ths, 
ranging from Es = 0 a t the base to Es = 1.0 a t the top.
3. M eans and standard deviations were calculated for each of 
the three properties for each one-tenth stratigraphic 
elevation, see Tables 2.2 -  2.14. Grain densities and water 
contents were not available for every one-tenth stratigraphic 
elevation. When data  was missing, the m ean value and 
average standard  deviation for the entire lithostratigraphic 
interval was substituted. These substitu tions are noted by a 
zero for the num ber of sam ples (N) in Tables 2.2 -  2.14.
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4. It was assum ed th a t bulk  density, grain density, and water 
content vary normally about the mean. A simple Monte 
Carlo program, See Appendix III, was used to generate 5000 
porosity values for each one-tenth stratigraphic elevation. 
The m ean and standard  deviation was then  calculated, see 
Tables 2.2 -  2.14.
Figures 9 - 2 0  show the m ean porosity and plus and m inus 2 
standard  deviations about th a t m ean for each lithostratigraphic unit. 
Comparison of the range of porosity values shown in Figure 27, where 
porosity was calculated from spatially coincident m easures of bulk 
density, grain density, and w ater content, with Figure 9 shows good 
agreement. The num ber of sam ples used in these porosity estim ates 
lessens with depth. Therefore the profiles for the deeper, more 
sparsely sampled lithostratigraphic un its should be considered more 
uncertain  th an  those for the more intensely sampled strata .
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Figure 9: Porosity profile for alluvium (Qal)
Table 2.2: Bulk Density, Grain Density, W ater Content, and Porosity
of Alluvium (Qal)
Es Nbd Rfcd Sbd Ngd Rgd Sgd N, Z s z n s„
1.0 607 1.81 0.29 0 2.50 0.05 136 0.11 0.03 0.3527 0.0113
0.9 2825 1.96 0.17 11 2.50 0.05 669 0.11 0.03 0.3014 0.0044
0.8 3337 1.93 0.13 23 2.48 0.20 1099 0.11 0.03 0.2999 0.0063
0.7 3761 1.96 0.13 25 2.52 0.05 1572 0.11 0.02 0.3079 0.0026
0.6 3761 1.91 0.13 24 2.51 0.04 1656 0.11 0.03 0.3220 0.0027
0.5 3845 1.89 0.17 26 2.50 0.05 1614 0.11 0.03 0.3253 0.0044
0.4 3897 1.92 0.16 22 2.51 0.05 1277 0.13 0.04 0.3347 0.0042
0.3 3861 1.99 0.18 33 2.52 0.05 1749 0.11 0.03 0.2981 0.0048
0.2 3842 1.97 0.23 35 2.51 0.05 1757 0.12 0.04 0.3102 0.0079
0.1 3997 1.96 0.56 38 2.49 0.04 1246 0.12 0.06 0.3058 0.0417
Es = Stratigraphic elevation Nbd = bulk density observations R|)d = mean bulk density Sbd = standard 
deviation of bulk density Ngd = grain density observations Rgd = mean grain density Sgd = standard 
deviation of grain density Nz = water content observations Z = mean water content Sz = standard 
deviation of water content n = mean porosity Sn = standard deviation of porosity
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Figure 10: Porosity profile for the Ammonia Tanks Member of the 
Timber M ountain Formation
Table 2.3: Bulk Density, Grain Density, W ater Content, and Porosity 
a t one-tenth stratigraphic elevation intervals for the Ammonia Tanks 
Member of the Timber M ountain Tuff (Tma)
E9 Nbd Rbd Sbd Ngd Rgd Sgd Nz Z s z n s„
1.0 652 1.89 0.62 7 2.50 0.04 177 0.12 0.05 0.3352 0.0479
0.9 635 1.90 0.62 5 2.47 0.05 102 0.13 0.04 0.3297 0.0502
0.8 705 1.69 0.15 9 2.51 0.05 105 0.12 0.03 0.4071 0.0033
0.7 683 1.70 0.13 2 2.52 0.02 101 0.12 0.03 0.4055 0.0026
0.6 679 1.71 0.13 8 2.51 0.04 118 0.10 0.04 0.3861 0.0030
0.5 684 1.74 0.17 3 2.47 0.04 262 0.08 0.04 0.3507 0.0049
0.4 686 1.70 0.22 6 2.47 0.05 311 0.08 0.03 0.3663 0.0072
0.3 693 1.69 0.21 6 2.46 0.03 320 0.09 0.03 0.3750 0.0065
0.2 717 1.70 0.16 6 2.41 0.02 326 0.09 0.04 0.3587 0.0045
0.1 731 1.73 0.14 9 2.41 0.01 333 0.09 0.05 0.3456 0.0040
Es = S tratigraphic elevation Nbd = bulk density observations R,ld = mean bulk density SM = standard  
deviation of bulk  density Ngd = grain density observations Rgd = mean grain density  Sgd = standard  
deviation of grain density Nz = water content observations Z = mean water content Sz = standard  
deviation of w ater content n  = mean porosity Sn = standard  deviation of porosity
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Figure 11: Porosity profile for the upper informal bed of the Rainier 
Mesa Member of the Timber M ountain Formation (Tmru)
Table 2.4: Bulk Density, Grain Density, W ater Content, and Porosity 
at one-tenth stratigraphic elevation intervals for the upper informal 
bed of the Rainier Mesa Member of the Timber M ountain Tuff
Es Nbd Rbd Sbd Ngd Rgd Sgd Nz Z s z n s„
1.0 134 1.63 0.08 3 2.44 0.03 29 0.16 0.02 0 .4392 0 .0 0 1 0
0.9 132 1.64 0.06 0 2.42 0.01 26 0.17 0.01 0 .4 3 7 5 0 .0 0 0 5
0.8 131 1.64 0.07 3 2.44 0.04 29 0.17 0.01 0 .4425 0 .0 0 0 7
0.7 131 1.62 0.10 2 2.41 0.00 26 0.17 0.02 0 .4418 0 .0 0 1 3
0.6 144 1.63 0.07 0 2.42 0.01 23 0.17 0.01 0 .4410 0 .0 0 0 6
0.5 135 1.62 0.08 0 2 .42 0.01 26 0.17 0.01 0 .4449 0 .0 0 0 8
0.4 133 1.61 0.17 1 2.41 0.00 27 0.16 0.01 0 .4397 0 .0 0 3 4
0.3 121 1.72 0.07 3 2.50 0.01 29 0.15 0.02 0 .4154 0 .0 0 0 8
0.2 119 1.78 0.08 0 2.42 0.01 25 0.12 0.01 0 .3533 0 .0 0 0 9
0.1 121 1.83 0.05 1 2.41 0.00 27 0.11 0.01 0 .3245 0 .0 0 0 4
Es = Stratigraphic elevation Nbd = bulk density observations = mean bulk density Sb[1 = standard 
deviation of bulk density Ngd = grain density observations Rgd = mean grain density Sgd = standard 
deviation of grain density N7 = water content observations Z = mean water content Sz = standard 
deviation of water content n = mean porosity S„ = standard deviation of porosity
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Figure 12: Porosity profile for the middle informal bed of the Rainier 
Mesa Member of the Timber M ountain Form ation (Tmrm)
Table 2.5: Bulk Density, Grain Density, W ater Content, and Porosity 
a t one-tenth stratigraphic elevation intervals for the middle informal 
bed of the Rainier Mesa Member of the Timber M ountain Tuff (Tmrm)
Es Nbd Rbd Sbd Ned Rgd s gd Nz Z s z n s„
1.0 2 5 5 2 .05 0.16 4 2.54 0.07 73 0.09 0.02 0 .2652 0.0041
0.9 2 6 5 2 .15 0.14 1 2.42 0.00 68 0.09 0.01 0 .1935 0 .0030
0.8 2 6 7 1.99 0.13 4 2.51 0.06 67 0.10 0.01 0 .2856 0 .0025
0.7 261 2.02 0.12 1 2.55 0.00 68 0.10 0.01 0 .2863 0 .0019
0.6 2 5 0 2 .05 0.21 4 2.54 0.02 66 0.08 0.01 0 .2580 0 .0060
0 .5 252 2 .07 0.28 2 2.51 0.01 67 0.06 0.01 0 .2242 0.0111
0.4 239 2 .16 0.20 3 2.52 0.03 69 0.07 0.01 0 .2039 0 .0056
0.3 2 4 7 2 .14 0.20 2 2.50 0.02 65 0.08 0.01 0 .2140 0 .0054
0.2 2 6 0 2 .13 0.13 4 2.52 0.04 68 0.09 0.01 0 .2307 0 .0024
0.1 2 5 7 1.95 0.18 1 2.48 0.00 67 0.12 0.04 0 .3 0 9 4 0 .0050
Es = Stratigraphic elevation Nbd = bulk density observations = mean bulk density Sbd = standard 
deviation of bulk density Ng() = grain density observations Rgd = mean grain density Sgd = standard 
deviation of grain density Nz = water content observations Z = mean water content Sz = standard 
deviation of water content n = mean porosity Sn = standard deviation of porosity
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Figure 13: Porosity profile for the lower informal bed of the Rainier 
Mesa Member of the Timber M ountain Formation
Table 2.6: Bulk Density, Grain Density, W ater Content, and Porosity 
a t one-tenth stratigraphic elevation intervals for the lower informal 
bed of the Rainier Mesa Member of the Timber M ountain Tuff (Tmrl)
Es Nbd Rbd Sm Ngd Rgd Sgd Nz Z s z n s„
1.0 141 1.75 0.13 2 2.45 0 .00 32 0.17 0.02 0 .4075 0.0021
0.9 137 1.71 0.07 2 2.43 0.01 32 0.15 0.01 0.4019 0 .0006
0 .8 141 1.67 0.07 2 2.38 0.01 32 0.16 0.02 0 .4105 0 .0008
0 .6 134 1.68 0.06 1 2.43 0 .00 30 0.18 0.02 0.4331 0 .0006
0.5 138 1.67 0.09 4 2 .45 0 .06 35 0.17 0.02 0.4338 0 .0013
0 .4 133 1.68 0.09 1 2.40 0 .00 34 0 .18 0.03 0.4261 0 .0014
0 .3 136 1.64 0.12 4 2 .40 0.01 36 0.18 0.03 0 .4404 0.0021
0 .2 142 1.69 0.10 2 2.40 0 .00 37 0.18 0.02 0 .4230 0 .0014
0.1 136 1.68 0.14 1 2.43 0.00 38 0 .19 0.02 0 .4397 0 .0024
Es = Stratigraphic elevation Nbd = bulk density observations R,jd = mean bulk density Sbd = standard 
deviation of bulk density Ngd = grain density observations Rgd = mean grain density Sgd = standard 
deviation of grain density Nz = water content observations Z = mean water content Sz = standard 
deviation of water content n = mean porosity S„ = standard deviation of porosity
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Figure 14: Porosity profile for the Crater Flat Tuff Member of the 
Paintbrush Formation
Table 2.7: Bulk Density, Grain Density, W ater Content, and Porosity 
a t one-tenth stratigraphic elevation intervals for the Crater Flat Tuff 
Member of the Paintbrush Formation (Tc)
Es Nbd Rtui s M Ngd Egd Sgd N* Z s z n Sn
1.0 476 1.84 0 .15 15 2.42 0.05 20 0.22 0.06 0 .4056 0 .0 0 4 6
0.9 500 1.88 0 .08 15 2.42 0.04 15 0.26 0 .04 0 .4243 0 .0 0 1 7
0.8 496 1.86 0.09 18 2.42 0.03 23 0.25 0.05 0 .4230 0 .0 0 2 3
0.7 517 1.85 0 .10 17 2.41 0.02 21 0.25 0 .04 0 .4245 0 .0 0 1 9
0.6 447 1.83 0.13 17 2.42 0.03 28 0.22 0.05 0 .4105 0 .0 0 3 3
0.5 501 1.91 0 .10 21 2.42 0.05 21 0.24 0.03 0 .3997 0 .0 0 1 6
0.4 484 1.94 0.10 20 2.43 0.05 20 0.22 0 .04 0 .3772 0 .0 0 2 3
0.3 508 1.91 0.11 21 2.43 0.07 21 0.22 0 .04 0 .3859 0 .0 0 2 5
0.2 456 1.97 0.16 16 2.47 0.08 16 0.22 0 .05 0 .3788 0 .0 0 4 6
0.1 337 1.89 0 .23 19 2.46 0.06 19 0.22 0 .04 0 .3995 0 .0 0 6 5
Es = Stratigraphic elevation Nbd = bulk density observations = mean bulk density Sbd = standard 
deviation of bulk density Ngd = grain density observations Rgd = mean grain density Sgd = standard 
deviation of grain density Nz = water content observations Z = mean water content Sz = standard 
deviation of water content n = mean porosity Sn = standard deviation of porosity
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Figure 15: Porosity profile for the Pre-Rainier Mesa, Post-W ahmonie 
m em bers of the Pain tbrush  Formation
Table 2.8: Bulk Density, Grain Density, W ater Content, and  Porosity 
a t one-tenth stratigraphic elevation intervals for the Pre-Rainier Mesa, 
Post-Wahmonie Members of the Paintbrush Form ation (Tx)
Es Nbd Nbd Sbd Ngd Ngd s gd Nz Z s z n S„
1.0 838 1.76 0.21 13 2.43 0.04 117 0.18 0.03 0.4064 0.0056
0.9 783 1.78 0.26 12 2.46 0.05 97 0.17 0.02 0.3991 0.0080
0.8 745 1.77 0.23 11 2.46 0.04 66 0.16 0.03 0.3975 0.0067
0.7 749 1.77 0.22 14 2.47 0.03 76 0.17 0.03 0.4051 0.0059
0.6 840 1.77 0.18 17 2.44 0.04 102 0.18 0.03 0.4038 0.0042
0.5 835 1.77 0.17 14 2.44 0.05 83 0.17 0.03 0.3967 0.0040
0.4 683 1.79 0.12 15 2.40 0.04 69 0.28 0.10 0.4621 0.0071
0.3 643 1.81 0.15 15 2.42 0.03 29 0.22 0.05 0.4179 0.0038
0.2 646 1.82 0.19 13 2.41 0.03 26 0.22 0.05 0.4100 0.0053
0.1 580 1.78 0.24 21 2.47 0.09 35 0.20 0.06 0.4216 0.0084
Es = Stratigraphic elevation Nbll = bulk density observations R,  ^= mean bulk density Sbd = standard 
deviation of bulk density Ngd = grain density observations Rgd = mean grain density Sgd = standard 
deviation of grain density Nz = water content observations Z = mean water content Sz = standard 
deviation of water content n = mean porosity Sn = standard deviation of porosity
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Figure 16: Porosity profile for the Grouse Canyon Member of the 
Belted Range Tuff 
Table 2.9: Bulk Density, Grain Density, W ater Content, and Porosity 
of Grouse Canyon Member of the Belted Range Tuff (Tbg)
Es Nbd R,)d Si]d Ng<] Rgd Sgd Nz Z Sz n Sn
1.0 187 1.87 0.13 5 2.43 0.02 19 0.24 0.03 0.4151 0.0022
0.9 204 1.86 0.10 3 2.43 0.02 17 0.26 0.02 0.4336 0.0011
0.8 207 1.88 0.11 3 2.47 0.01 15 0.28 0.04 0.4521 0.0020
0.7 223 1.79 0.15 2 2.44 0.01 8 0.22 0.06 0.4278 0.0042
0.6 225 1.79 0.12 5 2.42 0.02 10 0.21 0.09 0.4172 0.0061
0.5 218 1.84 0.12 4 2.41 0.03 14 0.25 0.04 0.4285 0.0024
0.4 214 1.85 0.14 5 2.39 0.04 12 0.21 0.06 0.3873 0.0044
0.3 205 1.94 0.22 4 2.45 0.06 10 0.22 0.06 0.3810 0.0074
0.2 199 1.77 0.17 4 2.44 0.03 6 0.23 0.09 0.4411 0.0071
0.1 216 1.86 0.09 5 2.43 0.05 9 0.20 0.08 0.3886 0.0047
Es = Stratigraphic elevation Nbd = bulk density observations R,,d = mean bulk density Sbd = standard 
deviation of bulk density Ngd = grain density observations Rgd = mean grain density Sgd = standard 
deviation of grain density Nz = water content observations Z = mean water content Sz = standard 
deviation of water content n = mean porosity Sn = standard deviation of porosity
5 0
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Figure 17: Porosity profile for informal Unit 4 of the Tunnel Beds Formation
Table 2.10: Bulk Density, Grain Density, W ater Content, and Porosity 
a t one-tenth stratigraphic elevation intervals for informal Unit 4 of the
Tunnel Bed Formation (Tt4)
E9 Nbd Rfad Sbd Ngd Rgd Sgd Nz Z Sk n S„
1.0 584 1.87 0.13 24 2.52 0.07 24 0.21 0.03 0.4132 0.0024
0.9 565 1.96 0.09 24 2.47 0.06 24 0.21 0.05 0.3716 0.0027
0.8 558 1.95 0.09 25 2.49 0.04 25 0.22 0.04 0.3880 0.0019
0.7 536 1.93 0.10 35 2.51 0.06 35 0.20 0.04 0.3847 0.0022
0.6 467 1.89 0.17 21 2.46 0.06 21 0.21 0.05 0.3920 0.0046
0.5 560 1.89 0.09 25 2.46 0.06 25 0.21 0.04 0.3934 0.0020
0.4 526 1.88 0.08 22 2.44 0.06 22 0.20 0.04 0.3833 0.0019
0.3 576 1.91 0.06 23 2.44 0.04 23 0.21 0.04 0.3804 0.0014
0.2 512 1.86 0.12 24 2.43 0.04 24 0.20 0.03 0.3885 0.0022
0.1 502 1.89 0.09 25 2.45 0.04 25 0.22 0.05 0.3965 0.0024
Es = Stratigraphic elevation Nbd = bulk density observations = mean bulk density SM = standard 
deviation of bulk density Ngd = grain density observations Rgd = mean grain density Sgd = standard 
deviation of grain density Nz = water content observations Z = mean water content Sz = standard 
deviation of water content n = mean porosity Sn = standard deviation of porosity
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Figure 18: Porosity profile for informal Unit 3 of the Tunnel Beds Formation
Table 2.11: Bulk Density, Grain Density, W ater Content, and  Porosity 
a t one-tenth stratigraphic elevation intervals for informal Unit 3 of the
Tunnel Bed Formation (Tt3)
Es Nbd Nbd Sbd Ngd Rgd Sgd Nz Z s z n s„
1.0 198 1.93 0.15 11 2.48 0.02 11 0.18 0.06 0.3628 0.0048
0.9 186 1.98 0.09 12 2.44 0.05 12 0.20 0.06 0.3513 0.0035
0.8 197 1.94 0.15 6 2.46 0.04 6 0.16 0.05 0.3362 0.0043
0.7 242 2.02 0.09 14 2.45 0.05 14 0.21 0.06 0.3478 0.0034
0.6 248 1.96 0.06 9 2.46 0.06 9 0.19 0.05 0.3540 0.0021
0.5 246 1.93 0.08 9 2.47 0.06 9 0.21 0.06 0.3833 0.0030
0.4 246 1.95 0.08 13 2.45 0.04 13 0.20 0.07 0.3633 0.0041
0.3 218 2.02 0.05 8 2.49 0.09 8 0.20 0.04 0.3504 0.0019
0.2 212 2.07 0.07 8 2.55 0.06 8 0.16 0.04 0.3177 0.0019
0.1 205 2.09 0.08 8 2.50 0.06 8 0.19 0.04 0.3232 0.0021
Es = Stratigraphic elevation Nb(1 = bulk density observations R,K| = mean bulk density Sbd = standard 
deviation of bulk density Ngd = grain density observations Rgd = mean grain density Sgd = standard 
deviation of grain density Nz = water content observations Z = mean water content Sz = standard 
deviation of water content n = mean porosity Sn = standard deviation of porosity
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Table 2.12: Bulk Density, Grain Density, W ater Content, and Porosity 
a t one-tenth stratigraphic elevation intervals for the Tub Springs 
Member of the Belted Range Formation (Tbt)
Es Nbd Nbd Sbd Ngd Ngd Sgd Nz Z s z n s„
1.0 176 2.01 0.04 0 2.50 0.00 17 0.20 0.04 0.3573 0.0012
0.9 178 2.00 0.04 1 2.50 0.00 18 0.21 0.02 0.3681 0.0004
0.8 181 1.96 0.05 0 2.50 0.00 16 0.23 0.02 0.3959 0.0005
0.7 178 1.99 0.07 0 2.50 0.00 13 0.23 0.03 0.3869 0.0011
0.6 178 2.00 0.10 0 2.50 0.00 15 0.23 0.03 0.3840 0.0015
0.5 176 1.95 0.04 0 2.50 0.00 17 0.24 0.01 0.4069 0.0002
0.4 179 2.01 0.04 0 2.50 0.00 16 0.21 0.03 0.3650 0.0008
0.3 181 1.93 0.04 0 2.50 0.00 14 0.23 0.02 0.4056 0.0004
0.2 178 1.93 0.03 1 2.51 0.00 16 0.22 0.03 0.3997 0.0006
0.1 178 1.89 0.04 1 2.49 0.00 15 0.24 0.02 0.4227 0.0004
Es = Stratigraphic elevation Nbd = bulk density observations R,,d = mean bulk density Sbd = standard 
deviation of bulk density Ngd = grain density observations Rgd = mean grain density Sgd = standard 
deviation of grain density Nz = water content observations Z = mean water content Sz = standard 
deviation of water content n = mean porosity Sn = standard deviation of porosity
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Figure 19: Porosity profile for informal Unit 2 of the Tunnel Beds Formation
Table 2.13: Bulk Density, Grain Density, W ater Content, and Porosity 
a t one-tenth stratigraphic elevation intervals for informal Unit 2 of the
Tunnel Bed Formation (Tt2)
E, Nbd Nbd Sbd Ngd Rgd Sgd Nz Z s z n s„
1.0 75 2.03 0.07 1 2.42 0.00 1 0.17 0.00 0.3036 0.0006
0.9 66 1.97 0.05 1 2.42 0.00 1 0.14 0.00 0.3001 0.0003
0.8 67 1.95 0.08 2 2.47 0.01 2 0.21 0.06 0.3768 0.0029
0.7 71 1.96 0.04 1 2.46 0.00 1 0.19 0.00 0.3549 0.0002
0.6 72 1.92 0.04 1 2.43 0.00 1 0.29 0.00 0.4388 0.0001
0.5 74 1.93 0.05 3 2.43 0.07 3 0.13 0.02 0.3088 0.0010
0.4 81 2.00 0.07 1 2.38 0.00 1 0.18 0.00 0.3112 0.0006
0.3 79 1.98 0.07 1 2.43 0.00 1 0.20 0.00 0.3485 0.0005
0.1 80 1.95 0.04 1 2.44 0.00 1 0.20 0.00 0.3607 0.0002
Es = Stratigraphic elevation Nbd = bulk density observations R,jd = mean bulk density Sbd = standard 
deviation of bulk density Ngd = grain density observations Rgd = mean grain density Sgd = standard 
deviation of grain density Nz = water content observations Z = mean water content Sz = standard 
deviation of water content n = mean porosity Sn = standard deviation of porosity
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Figure 20: Porosity profile for informal Unit 1 of the Tunnel Beds Formation
Table 2.14: Bulk Density, Grain Density, W ater Content, and  Porosity 
of the informal Unit 1 of the Tunnel Beds (Ttl)
Es Nbd Rbd Sm Ngd Rgd s gd Nz Z s , n s„
1.0 150 2.02 0.11 2 2.41 0.00 2 0.26 0.00 0.3801 0.0012
0.9 147 2.06 0.07 0 2.44 0.02 0 0.25 0.02 0.3664 0.0008
0.8 128 2.17 0.22 5 2.49 0.04 5 0.20 0.02 0.3014 0.0054
0.7 39 1.99 0.08 4 2.40 0.02 4 0.24 0.02 0.3696 0.0009
0.6 43 2.00 0.10 5 2.41 0.02 5 0.24 0.03 0.3688 0.0017
0.5 43 2.01 0.09 4 2.44 0.05 4 0.23 0.02 0.3650 0.0013
0.4 35 2.03 0.10 5 2.53 0.02 5 0.19 0.02 0.3494 0.0013
0.3 23 2.11 0.07 0 2.44 0.02 0 0.25 0.02 0.3512 0.0008
0.2 40 2.04 0.09 0 2.44 0.02 0 0.25 0.02 0.3726 0.0011
0.1 36 2.07 0.09 0 2.44 0.02 0 0.25 0.02 0.3642 0.0011
Es = Stratigraphic elevation Nbd = bulk density observations = mean bulk density Sbd = standard 
deviation of bulk density Ngd = grain density observations Rgd = mean grain density Sgd = standard 
deviation of grain density Nz = water content observations Z = mean water content Sz = standard 
deviation of water content n = mean porosity Sn = standard deviation of porosity
5 5
Figure 21 combines the calculated average porosities for the alluvium 
and the upper volcanic units. It should be noted th a t in Figures 22 — 
26, some of the one-tenth stratigraphic elevation intervals do not have 
standard  deviation bars, th is is caused by limited da ta  for tha t 
interval.
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Figure 21: Mean Porosity Profile of Alluvium and Upper Volcanic un its
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Figure 22: Density, Resistivity, Velocity, and W ater vs Stratigraphic
elevation (Es) for Tma
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Figure 23: Density, Resistivity, Velocity, and W ater vs Stratigraphic
elevation (Es) for Tmr
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Figure 24: Density, Resistivity, Velocity, and W ater vs Stratigraphic
elevation (Es) for Tmru
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Figure 25: Density, Resistivity, Velocity, and W ater vs Stratigraphic
elevation (Es) for Tmrm
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Figure 26: Density, Resistivity, Velocity, and W ater vs Stratigraphic
elevation (Es) for Tmrl
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Figure 27: Porosity vs Resistivity Scattergram  for alluvium
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Figure 28: Porosity vs Resistivity Scattergram  for Tertiary Volcanics
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Figure 29: Porosity vs Resistivity Scattergram  for the Timber
Mountain Formation
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Figure 30: Porosity vs Resistivity Scattergram s for m em bers of the 
Timber M ountain Formation
D
ire
ct
io
n 
of
 
T
ra
ns
po
rt
6 6
O  RJ
o>=>
C  V)
«3*o
uj S 0 01  • SOI
• ✓ ,V \' / •X %’ /  .\ V/ \N
V V*
\ /\‘ ' / . \ V
4*.
/ IN X / .
Figure 31: Simple Cooling Unit Model
Source: Spatial Variability in Hydrologic Properties of a Volcanic Tuff,
Istok, and others, 1994
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Figure 33: Ash-flow Tuff Section
Source: U.S.G.S. Professional Paper 712-C, Winograd and 
Thordardson, 1975
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Figure 35: Vertical Porosity Trend Model
Source: Spatial Variability in Hydrologic Properties of a Volcanic Tuff,
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Figure 37: Clay fraction by Lithostratigraphic Unit
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Figure 39: Sand fraction by Lithostratigraphic Unit
Lithostratigraphic
Unit
Symbol
Qal
Tma
Tmr
Tmru
Tmrm
Tmrl
Tp
Tx
Tw
Tc
Tcb
Tbg
Ttu
Tt4
Tt4e
TO
TObc
Tbt
Tt2
Tyf
Tt1
Tot1
Tpf
Tf
Tot2
'♦—I
'
+
♦  Mean 
H  Std. Dev.
5 10 15 20 25 30 35 40
Percent Pebble
Figure 40: Pebble fraction by Lithostratigraphic Unit
75
CHAPTER 3
LITHOSTRATIGRAPHIC UNITS
Yucca Flat (Figure 2) is an internally draining, interm ontane basin, 
elongated in the north-south  direction (Winograd and Thordardson, 
1975; Howard, 1985). The Yucca and Carpetbag faults are east 
dipping, north-south  striking norm al faults, bounding the graben on 
the east and west, respectively (See Figure 41) (Covington, and 
Simonds, 1985).
Yucca Flat h as historically been studied as the site of nuclear
explosives testing. This perspective has yielded such conclusions as,
An analysis of m aterial properties alone would not cause 
alluvium and tuff to be designated as physically distinct 
test environments. Both m edia have a  large range of 
properties, with alluvium generally being m uch like tuff 
for m ost properties. (Howard, 1985)
However, Winograd and Thordardson, 1975, identified ten  
hydrogeologic un its (See Table 1.16), six aquifers and four aquitards, 
“by grouping the num erous geologic formations and m em bers into 
un its of hydrologic significance.” This paper follows Seaber’s 1992 
proposed definition of hydrostratigraphic units, th u s the relative 
sa turation  of a  lithostratigraphic un it has no effect on its 
hydrostratigraphic classification. This distinction should eliminate
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confusion which may otherwise arise from various definitions of 
aquifer and aquitard.
Table 1.1 list the Lithostratigraphic units and associated symbols 
found in the study area. The un its are listed in stratigraphic order. 
The Tub Springs m em ber of the Belted Range Formation is found 
between Units 3 and 2 of the Tunnel Bed formation. Yucca Flat Tuff is 
found between between Units 2 and 1 of the Tunnel Bed formation.
Carpetbag Fault 
rY u c c a  Fault
GravityPre- Granite Tuff Alluvium 
Mesozoic
Figure 41: Schematic Diagram of Yucca Flat
Source: Evidence for Syntectonic Activity During Alluvial Deposition, 
Yucca Flat, Nevada, Elwood, McKague and Wagoner, 1985
The lithostratigraphic un its described are those encountered in bore 
holes in the study area. The lithostratigraphic subdivisions are those 
in common use in the Los Alamos National Laboratory GEODES
7 8
database, the Lawrence Livermore National Laboratory Containm ent 
database and the Raytheon Services Nevada “Redbook” Database. 
Additional information has been excerpted from the U.S.G.S. 
Stratigraphic Names CD-ROM, 1992. Contacts between 
lithostratigraphic un its  are stored in the databases a t a precision of 
one one-hundredth  of a meter. This precision is clearly unw arranted 
for a t least the three following reasons:
1. “It has been noted th a t while progress has been m ade in  our 
ability to identify units, the positioning o f stratigraphic 
contacts has not been consistent between geologists, and is 
often subjective. [Emphasis added]” (Pawloski, McKague and 
Wagoner, 1991, 266)
2. “In locations beneath the basal tuffaceous alluvium where 
the upper m ost tuff is bedded, the contact is gradation and 
the uncertainty o f the contact (as determined from  drill 
cuttings) may be as much as 50 m. [Emphasis added]” 
(Howard, 1985, 7)
3. “Similarity of petrology and of depositional processes and a 
lack of significant erosion of m ost of the volcanic rocks have 
resulted in visual similarities th a t are repeated throughout 
the bedded tuffs. Only ash-flow tuffs can be stratigraphically 
identified with certainty in hand specimen. [Emphasis added]” 
(Hoover and Magner, 1990, 11)
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The uncertain ty  and subjectivity of stratigraphic contact 
m easurem ents enum erated in the quotations above are unquantified, 
and probably unquantifiable, sources of variability in th is study.
P aleozo ic R ocks (Pz)
The contact with Paleozoic s tra ta  is the lower boundary of the study, 
in the sam e way as the surface of the alluvium is the upper boundary. 
Sixteen of the holes used in th is study were deep enough to reach 
Paleozoic stra ta . However, none of the study holes penetrated very far 
into these rocks, which are described in the databases used in this 
study as either undifferentiated or carbonates. Excepting w ater 
content, no significant difference exists in the m easured properties 
(Tables 1.10 -  1.13) between the undifferentiated Paleozoic rocks and 
the Paleozoic carbonates. Bulk density, na tu ra l gamma, resistivity, 
and and w ater content show distinctive changes in m ean value a t the 
contact with Paleozoic strata . The low acoustic velocity can be 
interpreted as a  weathered surface when the limited depth of 
penetration is considered. These rocks are the carbonate aquifer of 
Winograd and Thordardson, 1975, C l 1.
P aleocolluviu m  (Tuffaceous) (Tic)
In six of the holes used in th is study, paleocolluvium is found below 
the base of the Tertiary volcanics and above Paleozoic stra ta , ranging 
in thickness from 2 m eters to 75 meters. In area 12, northw est of
8 0
Yucca Flat, Hoover and Magner, 1990, pg. 15, describe
paleocolluvium occurring a t the same stratigraphic position as,
Quartzite, schist, and quartz monzonite clasts occur at 
the base of the volcanic rocks in a m atrix th a t contains 
variable am ounts of clay minerals and tuff. Volcanic 
clasts are sparse in the paleocolluvium. The clasts range 
in size from pebbles to large boulders, b u t m ost of the 
clasts are less th an  8 inches in diameter. The m atrix 
consists of clay m inerals th a t were probably produced by 
weathered pre-volcanic rocks and disintegrated tuff.... 
Typically, the paleocolluvium is m oderate reddish brown 
to reddish brown. Where tuff comprises m ost of the 
matrix, the color may be moderate reddish orange to pale 
reddish brown.... The top of the paleocolluvium is defined 
by the upward disappearance of clasts of pre-Tertiary 
rocks larger th an  2 inches in diameter. Padeocolluvium 
may also be indicated by smaller clasts combined with a  
lack of bedding and volcaniclastic textures and an 
abundance of clay for more than  10 ft.
Geophysical tool responses and properties m easured from sam ples, as 
shown in Tables 1.10 -  1.14, are consistent with th is lithology.
Pre-Fraction B edded Tuffs, U nd ifferen tiated
In six of the study holes, ranging in thickness from 8 to 90 meters, 
are undifferentiated, bedded tuffs. Hoover and Magner, 1990, pg. 16, 
states, “Older bedded tuffs contain more clay and red colors th an  
tunnel bed 2, bu t the older bedded tuffs cannot be differentiated in 
the absence of the ash-flow tuffs tha t separate them .” In all of the 
study holes, this tuff is found below the top of pervasive zeolitization 
identified by Drelleck, 1994 (computer disk). The low m ean resistivity 
(Table 1.14) is consistent with a zeolitized, bedded tuff. The high m ean
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acoustic velocity and bulk  density (Tables 1.10 and 1.15) are 
anom alous.
F raction  Tuffs (Tf)
Tuffs of this formation are found in eight of the study holes, ranging 
in thickness from 12 to 132 m eters. Fraction Tuffs are composed of as 
m any as three separate ash  flows. The probable source area is north  
of Nevada Test Site in Nellis Air Force Base Bombing and Gunnery 
Range near Trailer Pass. The age is Miocene based on an isotopic 
dating of 16 to 15 Ma (Dixon, Sargent, and Carr, 1976). Hoover and 
Magner, 1990, pg. 16, describe what is thought to be this tuff as, 
“...Fraction Tuff is grayish orange to grayish orange pink, contains 
abundan t biotite and other phenociysts and  some ashflow tuffs, and 
overlies paleocolluvium.” The high m ean acoustic velocity, Table 1.10, 
and  high m ean bulk  density, Table 1.15, are consistent with an 
ashflow tuff. In all of the study holes, th is tuff is found below the top 
of pervasive zeolitization identified by Drellack, 1994-95,(personal 
communication). The relatively low m ean and large range of resistivity 
(Table 1.14) is consistent with extensive zeolitization.
Pre-R edrock V alley, P ost-F raction  Tuffs (T otl)
Undifferentiated bedded tuffs similar to the Tunnel Beds Unit 1 tuffs 
are found above the Fraction Tuffs and below the Redrock Valley Tuff 
in six holes in the study area ranging in thickness from 8 to 90
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m eters. This formation is identified on the basis of stratigraphic 
position rather th an  distinctive lithology (Hoover and Magner, 1990, 
16).
R edrock V alley Tuff (Trv)
The type locality is a  series of exposures on w est side of Yucca Flat a t 
hill 5504, 2.4 km (1.4 miles) east of the head of Redrock Valley, Nye 
County, Nevada. The formation consists of light purplish-gray 
mottled with red, welded to nonwelded, ash  flow tuff. The zonation of 
a  simple cooling un it is displayed. The thickness is generally 125 
m eters (410 ft), ranging from 30 to 418 m eters (98 to 1370 ft). The 
formation overlies Paleozoic rocks or an  unnam ed bedded tuff, which 
overlies the Fraction Tuff. Redrock Valley Tuff, where a local 
unconformity is found, underlies an  unnam ed bedded tuff, which 
underlies the Bullfrog Member of the Crater Flat Tuff. The tuff is of 
Miocene age based upon 16 to 15 Ma isotopic ages (Byers, et. al., 
1976). Four holes in the study area penetrate th is formation which 
ranges in thickness from 22 m eters to 116 meters.
Tunnel Bed 1 (Ttl)
“Tunnel Bed 1 is defined as the bedded tuffs th a t occur between the 
Red Rock Valley Tuff and the tuff of Yucca Flat” (Hoover and Magner, 
1990, 19). Eight holes in the study area penetrate this informal bed 
which ranges in thickness from 15 m eters to 139 m eters.
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Tunnel bed 1 consists of yellowish-gray, grayish-orange- 
pink, moderate-reddish-brown, and  small am ounts of 
pale-red and  dark-reddish-brown, reworked ash-fall tuff, 
ash-fall tuff, and tuffaceous sandstone .... Most of tunnel 
bed 1 is zeolitized, b u t th in  silicified beds are present 
throughout the unit. Tunnel bed 1 resem bles the lower 
part of tunnel bed 2 in lithology and color and  may not be 
distinguished from tunnel bed 2 in the absence of the tuff 
of Yucca Flat. (Hoover and Magner, 1990, 19)
Y ucca F lat Tuff (Tyf)
Six holes in the study area penetrate th is un it which ranges in
thickness from 2 m eters to 71 meters.
The tuff of Yucca Flat is a simple cooling un it of 
nonwelded to partially welded ash-flow tuff. Colors range 
from yellowish gray, grayish pink, and m oderate orange 
pink to pale red and pale to m oderate reddish brown. 
Q uartz phenociysts are relatively abundan t and  comprise 
9 to 24 percent of the phenociysts... (Hoover and Magner, 
1990, 19)
Tunnel Bed 2 (Tt2)
Seven holes in the study area penetrate th is informal bed which 
ranges from 12 m eters to 110 meters. “Tunnel bed 2 is defined as the 
bedded tuffs th a t lie between the tuff of Yucca Flat below and the Tub 
Spring m ember of the Belted Range Tuff above” (Hoover and Magner, 
1990, 20).
The colors of tunnel bed 2 are predom inantly light shades 
of gray, pale orange, orange pink, and yellow orange.
Peralkaline rocks, present only in the upper part, range in 
color from greenish yellow to pale olive. Light to moderate 
shades of red, reddish brown, and brown are present 
throughout tunnel bed 2. The lithology is predom inantly 
calc-alkaline rocks and a majority of the rocks are 
reworked ash-fall tuff and tuffaceous sandstones. Most of 
tunnel bed 2 is zeolitized.... The base of tunnel bed 2 is
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located a t the top of the tuff of Yucca Flat.... The upper 
contact of tunnel bed 2 is a t the base of the Tub Springs 
Member or, where th is ash-flow tuff is not present, a t the 
base of the m assive calc-alkaline ash-fall tuffs of tunnel 
bed 3A (Hoover and Magner, 1990, 20).
Tub Springs M em ber o f  th e  B elted  R ange Tuff 
(Tbt)
Nine holes in the study area penetrate th is m em ber which ranges in 
th ickness from 2 m eters to 26 m eters. Tub Springs Tuff consist of 
greenish gray welded tuff, gray vitrophyre and reddish brown partially 
welded pumice. Inclusions of rhyolite, welded tuff, and  Paleozoic 
rocks are found in th is member. “Phenocrysts, th a t include abundan t 
quartz, may comprise 20-25 percent of the tu ff’ (Hoover and Magner, 
1990, 21). The base is nonwelded gray vitric and, a t some places, 
yellow zeolitic tuff. The type locality is Tub Spring, Nevada Test Site, 
Nye County, Nevada. The un it is present on the north  and east sides 
of Yucca Flat with thickness ranging from 0 to 76.2 m eters (250 ft) 
(Hinrichs and Orkild, 1961).
T unnel B eds (U nits 3  & 4) (Tt3 & Tt4)
The Tunnel Beds are informal bedded tuff un its initially m apped on 
the east side of Rainier Mesa by Gibbons et. al., 1963. The 
nom enclature was initially used in the underground m apping and 
vertical drill holes on Rainier Mesa (Hoover and Magner, 1990, 19) 
and has been extended to other parts of the NTS. In the databases
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used for th is study, vaiying degrees of specificity were encountered. 
The m ost detailed subdivisions were used where practical.
Tunnel Bed 3 (Tt3)
Sixteen holes in the study area penetrate th is informal bed which 
ranges in thickness from 9 m eters to 117 meters. Unit 3 consists of 
upper and lower ash  fall tuffs with a  central subun it of th in  bedded 
ash  fall tuffs, reworked ash  fall tuffs and tuffaceous sandstone 
(Hoover and Magner, 1990, 21).
Subunit 3BC equivalent (Tt3bc)
Five holes penetrate th is informal bed which ranges in thickness from
14 m eters to 69 meters.
Subunit 3BC contains mostly calc-alkaline rocks th a t are 
about half ash-fall tuff and half reworked ash-fall tuff and 
tuffaceous sandstone. The calc-alkaline rocks are grayish 
orange pink, m oderate reddish brown to orange, m oderate 
to light red, and m oderate orange pink and are th in  to 
thick bedded. Peralkaline rocks are grayish yellow, pale 
yellow brown, and very pale orange, and consist of alm ost 
equal am ounts of ash-fall tuff and reworked ash-fall tuff.
Lithic fragments comprise 5-15 percent of some 
peralkaline ash-fall tuffs. Individual beds m ay be 
argillized or silicified, b u t m ost of subun it 3BC is 
zeolitized. Argillized and silicified beds are mostly calc- 
alkaline rocks. (Hoover and Magner, 1990, 22)
Tunnel Bed 4 (Tt4)
Twenty-four holes in the study area penetrate th is informal bed which 
ranges in thickness from 5 m eters to 136 m eters. Tunnel Bed Unit 4, 
commonly referred to as Tunnel Bed 4, has been subdivided into 
seven subun its based on differences of texture, color and composition
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(Hoover and Magner, 1990, 22). However, in the holes used in th is 
study only Subunit 4E, described below, is used as a  separate 
stratigraphic subunit.
Unit 4, an  informal bed of the Tunnel Bed formation is comprised of a 
series of ash-fall tuffs, reworked ash-fall tuffs, tuffaceous sandstones 
and bedded tuffs. Most of the unit is zeolitized, argillization is found 
in some, b u t not all of the subunits (Hoover and Magner, 1990, 
22-25).
Subunit 4B equivalent (Tt4e)
Fifteen holes in the study area penetrate th is subun it which ranges in
thickness from 5 m eters to 88 meters.
This subun it is mostly massive, calc-alkaline, ash-fall 
tuffs th a t commonly contain large lithic fragments.
Subunit 4E is m oderate-reddish-brown to reddish-orange 
ash-fall tuffs with lesser am ounts of reworked ash-fall 
tuffs, tuffaceous sediments, and peralkaline ash-fall tuffs 
tha t are grayish orange pink, grayish yellow, moderate 
orange pink and pale yellowish brown. Subunit 4E 
contains 5-15 percent volcanic lithic fragm ents th a t are 
commonly larger than  2 in and may be as large as 10 
inches in diameter. The largest lithic fragm ents are in the 
basal 3-6 ft. the lithic fragments are black to veiy dark  
brown and commonly have a rind th a t is m oderate to 
dark  reddish brown and 0.2-1 in thick. Most of the 
subun it is zeolitized....
Subunit 4E is recognized by the presence of massive 
ash-fall tuff, large lithic fragments, more shades of red 
th an  other subun its in tunnel bed 4, and the general lack 
of peralkaline ash-fall tuff. (Hoover and Magner, 1990,
23)
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B elted  R ange Tuff, G rouse C anyon M em ber 
(Tbg)
Twenty-two holes in the study area penetrate th is m em ber which 
ranges in thickness from 5 m eters to 37 meters. This m em ber is 
nam ed after Grouse Canyon, Nye County, Nevada, which is the 
designated type locality. The lower part, 0 to 122 m eters thick (0 to 
400 ft), consists of medium-gray vitric tuff and greenish-yellow zeolitic 
tuff. The upper part, 0 to 53 m eters thick, (0 to 175 ft), consists of 
reddish-brown, greenish-gray and yellowish-gray densely welded tuff. 
This m em ber overlies the T\ib Spring member (Hinrichs and Orkild, 
1961). The Tub Spring and Grouse Canyon Members are m ultiple 
flow simple cooling un its of rhyolitic welded and nonwelded ashflow 
tuff (Poole, and McKeown, 1962).
Paintbrush Tuff (Tp)
This u n it was named as lower formation of the Piapi Canyon Group. 
The type locality is in Paintbrush Canyon, 2.5 mi northeast of Yucca 
M ountain, Nye County, Nevada. The formation underlies the Timber 
M ountain Tuff of the Piapi Canyon Group. Paintbrush Tuff ranges in 
age from 13.5 to 12.5 Ma (Orkild, 1965). K-Ar ages on biotite from 
Topopah Spring and Tiva Canyon Members of Paintbrush Tuff range 
from 12.4 to 13.2 Ma (Kistler, 1968). Drellack, W arren and Hughes, 
1987, subdivided the Paintbrush Tuff into five form ations with 
th irteen members, as shown in Table 3.1.
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Crater Flat Tuff (Tc)
Twenty-three holes in the study area penetrate this formation which 
ranges in thickness from 15 m eters to 116 meters. This formation is 
nam ed for exposures around the edges of C rater Flat, Nye County, 
Nevada, which is the designated type area. The designated type 
locality is an  exposure on the sou theast end of a hogback a t the sou th  
side of Crater Flat. The formation consists of three members, Tram, 
Bullfrog, and Prow Pass. The Prow Pass Member underlies all 
constructional lavas of the calcic Wahmonie-Salyer volcanic center 
(Byers, et. al., 1976). The Tram Member is exposed mainly in fault 
blocks between north end of Crater Flat and Beatty Wash and was 
formerly correlated with Bullfrog Member of the Crater Flat Tuff (Carr, 
Byers and Orkild, 1986). Drellack, W arren and Hughes, 1987 pg. 46, 
identify a fourth basal member, the “Lower Tuff’. The Bullfrog Tuff 
m ember is the only subdivision of the formation used in databases 
used for th is study.
Bullfrog Tuff (Tcb)
Only one hole, U7AC, in the study area penetrates this m em ber which 
is 52 m eters thick. Bullfrog Tuff, the middle m em ber of the C rater Flat 
Tuff, consists of ashflow tuff, brown and glassy to light-yellowish gray, 
ranging in thickness from 15 to 280 m eters (50 to 919 feet). This 
m em ber conformably overlies the Tram  member, a  bedded ash-fall 
tuff, overlying the Redrock Valley Tuff and underlies the Prow Pass
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Table 3.1: Old and New Stratigraphic Columns for Pre-Rainier Mesa,
Post Grouse Canyon Units
Old System New System
Unit Formation Unit
------- >► Timber Mountain Tuff Rainier Mesa Member
Pre-Rainier Mess tuff 
Quattz-Bearing tuff
Windy Wash Tuff 
Pool Tuff
Tiva Canyon Member
Hornblende-Bearing
tuff
Topopah Spring 
Member
Calico Hills Tuff
Wahmonie Tuff Wahmonie tuff 
(lower)
i ciiritDrusn iurr “ 
(mafic-rich zone)
Crater Flat Tuff
Pro Pass Member
Bullfrog Member
Tran Member 
Lower tuff
i aintDrusn iurr ■"
Grouse Canyon - ------------► Belted Range Tuff Grouse Canyon
Member Member
Unit 4 ------------> Tunnel beds Unit 4
Paintbrush Tuff
Transition Tuff
► Paintbrush Tuff
Areas 20 tuff
Source: Adapted from Drellack, W arren and Hughes, 1987, 
Proceeding of the 4 th  Symposium on Containm ent of Underground
Nuclear Explosives
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Member of the Crater Flat Tuff (Byers, et. al., 1976). The average age 
is 13.5 Ma (Carr, Byers and Orkild, 1986). Drellack, W arren and 
Hughes, 1987 pg. 49, assign post-Grouse Canyon ash-flow tuffs below 
the Wahmonie tuff to the Bullfrog Tuff.
Lower Wahmonie Tuff (Tw)
The lower m em ber of the Wahmonie Flat Formation was nam ed by 
Poole, Elston and Carr, 1965. The un it is composed of dacitic flows, 
interbedded tuff, sandstone, lithic tuff breccia, and pum ice 
agglomerate. Age is estimated a t 12.9 Ma. This un it is found as a 
bedded tuff in Yucca Flats (Drellack, W arren and Hughes, 1987).
Pre-Rainier Mesa, Post Wahmonie Bedded Tuffs (Tx)
This u n it is composed predom inantly of a  series of bedded tuffs which 
were previously undifferentiated in the Paintbrush Tuff (Drellack, 
W arren and Hughes, 1987). Study holes logged under the old 
stratigraphic column are being reinterpreted, b u t the da ta  was no t yet 
available. The subdivision of the Paintbrush formation into five 
formations with thirteen m em bers took place after m uch of the data 
used in th is study had been collected. Sample locations below the 
base of the Rainier Mesa Member of the Timber M ountain Tuff and 
above the Lower Wahmonie Tuff Formation are lumped into th is 
informal formation.
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Tim ber M ountain Tuffs (Tm)
Timber M ountain TYiffs are the upper formation of the Piapi Canyon 
Group. The type area are exposures in the Timber M ountain region of 
Nye County, Nevada. The formation includes the Rainier Mesa 
member, formerly of the Oak Spring Formation (Hinrichs and Orkild, 
1961), the tuff of Cat Canyon, the tuff of Transvaal, and the Ammonia 
Tanks Member. Only the Ammonia Tanks m em ber and the Rainier 
Mesa m em ber are encountered in the study area. Timber M ountain 
Tuffs overlie the Paintbrush Tuff (Orkild, 1965). “K-Ar determ inations 
on biotite and sanidine from m em bers of Timber M ountain Tuff range 
in age from 12.1 Ma to 10.4 Ma” (Kistler, 1968, Byers, et. al., 1976).
Rainier Mesa Member (Tmr)
This m em ber consists of gray and reddish-brown welded tuff m arked 
by a distinctive eutaxitic16 structure. Subordinate am ounts of black 
vitrophyre17 are found (Hoover and Magner, 1990). Nonwelded tuffs 
colored white, pink, and tan  are found a t the base of the member. 
Densely welded tuff overlies the m em ber with local occurrences of 
partially welded or nonwelded tuff (Hinrichs and Orkild, 1961).
The Rainier Mesa Member is subdivided into upper (Tmru), middle 
(Tmrm) and lower (Tmrl) informal subun its in both the Los Alamos 
GEODES and the Raytheon Services Nevada lithostratigraphic
16. A streaked or blotched appearance due to the alternation of bands or elongated lenses of 
different color, composition or texture; the bands, etc. having been originally ejected as 
Individual portions of magma which were drawn out together In a viscous state and formed a 
heterogeneous m ass by welding. (Dictionary of Geologic Terms, 1962)
17. Porphyrltic volcanic glass. (Dictionary of Geologic Terms, 1962)
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databases. The middle bed is distinguished by higher m ean bulk 
density, resistivity, and acoustic velocity values. The lower bed is 
quite sim ilar to the upper bed in m ost properties, see Tables 1.10 -  
1.15.
Ammonia Tanks Member (Tma)
Orkild, 1965, nam ed the Ammonia Tanks Tuff as the upper of two 
m em bers of Timber M ountain T\iff. The type locality is a  series of 
exposures about 0.25 mile north  of Ammonia Tanks, Nevada Test Site 
and for several miles along the south  rim of Pahute Mesa in Nye 
County, Nevada. The un it consists of a  composite cooling un it of 
rhyolitic to quartz latitic ash-flow tuff. Thicknesses of alm ost 300 ft 
are reached in vicinity of Pahute Mesa. The lower 5 to 20 ft of the 
m em ber is composed of light-gray or pink vitric ash-fall tuff 
containing white pumice fragments. The thickness a t the type locality 
is 250 ft.
A lluvium  (Qal)
The study area is covered by alluvium with a  maxim um  recorded 
thickness of 743 meters. An unpublished isopach m ap was initially 
compiled in 1963 by W.P. Williams, J.R. Ege, and T.H. Cole , updated 
in 1965 by Livingston Chase, updated again in 1967 by A.T. Femald,
G.S. Corchaiy, and W.P. Williams and a third time in 1977 by A.T. 
Fem ald (Femald, 1970, 2). The upper alluvium is approximately 
equal portions Paleozoic and Tertiary detritus. With depth, the fill
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becom es predom inantly tuffaceous with fragments of Paleozoic rocks 
(Howard, 1985). The basal fill contains less th an  5% Paleozoic and 
more th an  95% Tertiary Tuff (Wagoner and McKague, 1984, Howard, 
G rothaus and McKague, 1984). Rayburn, Drelleck and Thompson, 
1989, extending the work of Wagoner and McKague, 1984, divided the 
alluvium into five “types” on the basis of carbonate occurrence. 
Excavation of the U -la.01 Horizontal Drift complex in southw estern 
Yucca Flat yielded direct exposure of the “highly discontinuous, poorly 
stratified deposits” comprising the alluvium.
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CHAPTER 4
RESULTS AND DISCUSSION
H ydrostratigraphic U nits
Tables 4.1 and 4.2 display lithostratigraphic un its and associated 
hydrostratigraphic un its identified in this paper.
The hierarchy of Hydrostratigraphic units in Seaber’s 1992 proposed
defintion is adopted for th is paper.
Remarks (a) Aquiformation . — The aquiform ation is the 
fundem ental un it of hydrostratigraphic classification. It 
m ay be an aquifer, aquitard, or aquifuge. An 
aquiformation may be completely or partly divided into 
aquimembers, if some useful purpose is served, or it may 
have no aquimembers.
(b) Aquimember. — An aquimember is the formal 
hydrostratigraphic un it next in rank  below an 
aquiformation. It may be an  aquifer, aquitard, or 
aquifuge.
(c) Aquibed. — An aquibed is the sm allest formal 
hydrostratigraphic unit. The designation of an  aquibed as 
a formally nam ed hydrostratigraphic un it generally 
should be limited to certain distinctive beds whose 
recognition is particularly useful and of more local 
economic signifigance.
The alluvium geologically correlates directly to a  hydrostratigraphic 
unit. Volcanic lithostrata lying below the top of pervasive zeolitization 
are combined into a  single hydrostratigraphic aquiformation.
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Volcanics above the top of pervasive zeolitization are subdivided into 
aquim em bers and informal aquibeds.
Table 4.1: Hydrostratigraphic Aquiformations of E ast Central Yucca Flat
Lithostratigraphic Unit
Alluvium --------------------------
Timber Mountain Tuff -------
Ammonia Tanks Member
Rainier Mesa Member
Upper Bed (informal)
Middle Bed (Informal)
Lower Bed (Infomal)
Paintbrush Tuff
Pre-Rainier Mesa,
Post Wahmonie Bedded Tuffs
Lower Wahmonie
Crater Flat Tuff
Bullfrog Member
Tunnel Bed Formation
Tunnel Bed 4
Tunnel Bed 3
Grouse Canyon Member 
of the Belted Range Tuff
Tunnel Bed 2
Yucca Flat Tuff
Tunnel Bed 1
Redrock Valley Tuff
Pre-Redrock Valley,
Post Fraction Bedded Tuffs
Fraction Tuff
Pre-Fraction Bedded Tuffs 
Palecolluvium ---------------
Aquiformation
H.U.IV
O’S S
H.U. Ill
FLU. Ill 
or 
H.U. II
H.U. II
Paleozoic Rock, Undifferentiated
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H.U. IV Alluvium Conjoint
H.U. IV, of aquiformation rank, coincides with the upperm ost 
lithostratigraphic unit, the alluvium. The alluvial valley fill shows no 
significant vertical deterministic trend. The contact w ith the 
underlying Ammonia Tanks Member of the Timber M ountain Tuff may 
be indistinct, “In locations beneath the basal tuffaceous alluvium 
where the upperm ost tuff is bedded, the contact is gradational and 
the uncertainty of the contact may be as great as 50 m (Howard, 
1985).” Figure 44 shows a basal coarsening, however no consistent 
trend in the Kozeny-Carmen estim ated permeabilities was noted. The 
log tracks in figures 50 -  55, shows an  increase in resistivity and a 
decrease in density commonly coincides with the top of the Ammonia 
Tanks Member. The decrease in density m eans an increase in 
porosity, given the respective m ean grain densities of 2.50 gm /cc and 
2.47 gm /cc for the alluvium and Ammonia Tanks Tuff, see Figures 9 
and 10. The increase in resistivity can be caused by lower saturation, 
a  skewing of the pore size distribution towards larger pores or by a 
reduction in the interconnectedness of the pores. Figure 43 shows 
th a t bulk  density is normally distributed throughout the un it 
thickness. Given the substantial, b u t apparently spatially18 
nonsystem atic, variability of the estim ated porosity and permeability 
of the alluvium, identification of a  hydrostratigraphic un it coincident 
with the lithostratigraphic unit is w arranted. Despite the th ickness of 
up to 743 m eters, no subdivision into lower ranking un its is
18. Only results of vertical data analysis Is presented In this paper. The data was also examined 
for East-West and North-South trends. None were found.
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supported by the data  used in this study. H.U. IV has a m ean 
porosity of 0.33, with m easured permeabilities ranging from 0.02 to 
3.0 darcies, the m ean being 0.6 darcies (Drellack, Thompson and 
Jackson, 1989). The variability of porosity increases greatly in the 
bottom  10% (Es = 0.1) of the alluvium, see Figure 9.
H.U. Ill Non-Zeolitized Volcanics
The top of H.U. Ill, which is of aquiformation rank, is the contact with 
the overlying alluvium, coincident with the top of the Ammonia Tanks 
Member of the Timber M ountain Tuff when this lithostratigraphic un it 
is present. The base of th is hydrostratigraphic u n it is the top of 
pervasive zeolitization within the Tertiary volcanic lithostratigraphic 
units. It is im portant to note tha t although the top of th is u n it is 
defined by a lithostratigraphic contact, the base m ay be found in 
either the Rainier Mesa Member of the Timber M ountain Formation or 
in the  Crater Flat or Lower Wahmonie Members of the Paintbrush 
Formation. The base of this aquiformation is not defined by 
lithostratigraphy, ra ther by the transition from non-zeolitized to 
zeolitized tuffs.
H.U. Ill is subdivided into aquimembers, H.U. Ill A, Welded Non- 
Zeolitized Volcanics, and H.U. Ill B, Nonwelded Non-Zeolitized 
Volcanics.
H.U. Ill A Welded Non-Zeolitized Volcanics
Tertiary volcanic rocks with a m ean porosity of less than  0.30 
comprise this aquimember. Examination of Figure 11 shows th a t the
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base of the upper informal bed of the Rainier Mesa Member of the 
Timber Mountain Formation coincides with the top of this 
aquimember. The base of this aquim em ber is found a t approximately 
10% (Es = 0.1) of the thickness of the middle informal bed of the 
Rainier Mesa Member of the Timber M ountain Formation. Resistivity 
exceeding 300 ohm-meters, bulk  density greater th an  2.0 gm /cc, and 
w ater content or hydrogen index less th an  10% (H.I. < 0.10) are 
geophysical indicators of th is hydrostratigraphic aquimember.
Two informal aquibeds are identified, H.U. Ill A 2, Upper Strongly 
Welded Non-Zeolitized Aquibed, and H.U. Ill A 1, Lower Strongly 
Welded Non-Zeolitized Aquibed. Both of these beds are found wholly 
within the middle informal bed of the Rainier Mesa Member of the 
Timber M ountain Formation. H.U. Ill A 2 is defined by a m ean 
porosity of less th an  0.25, a  high relative permeability, and is found in 
the upper 10% (Es = 0.9) of the lithostratigraphic unit, see Figure 12. 
Local maxima of bulk density, resistivity, and acoustic velocity, and  
local minim a of w ater content or hydrogen index are geophysical 
indicators of this hydrostratigraphic aquibed, see Figure 25. A high 
relative permeability is likely because th is aquibed is considered to be 
the strongly welded, fractured center of a  simple cooling un it ashflow.
H.U. Ill A 1 is a thicker occurrence of the sam e lithology. The m ean 
porosity minima of 0.20 is found at approximately 40% (Es = 0.4) 
thickness of the lithostratigraphic informal bed. Local m axima of 
bu lk  density, resistivity, and acoustic velocity and local m inim a of 
w ater content or hydrogen content are geophysical indicators. H.U. Ill 
A 1 is defined by a  m ean porosity of less th an  0.25 and  is found
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between 15% and 60% (0.6 < Es <0.15) thickness of the 
lithostratigraphic informal bed. High relative permeability is inferred 
as th is is considered to be the strongly welded, fractured center of an 
ashflow, see Figure 31. Resistivity exceeding 400 om h-m eters may 
indicate th is aquibed, however th is geophysical property alone is not 
adequate to identify the aquibed, see upper left hand  com er of Figure 
30. N atural gamma radiation can be used to roughly locate the 
contact between the middle and lower informal beds of the Rainier 
Mesa Member of the Timber M ountain Formation. The m ean natural 
gam m a log response drops from 247 API Units to 192 API un its 
between these units. This contact can then be used as a  reference 
datum  to estim ate location of aquibeds H.U. Ill A 1 and 2.
Winograd and Thordardson, 1975, pg. CIO, identified a  welded tuff 
aquifer as extending from top of the Rainier Mesa Member of the 
Timber M ountain Tuff to the middle of the Paintbrush Tuff, see Table
1.16. However, no consistent evidence of such a u n it was found below 
the base of the informal lower bed of the Rainier Mesa Member in this 
study.
H.U. HI B Nonwelded Non-Zeolitized Volcanics
H.U. Ill B, Nonwelded Non-Zeolitized Volcanics Aquimember is 
bounded a t the top by contact with H.U. IV, Alluvium Coincident 
Aquiformation, and a t the base by contact with either H.U. II 
Zeolitized Volcanics Aquiformation or the Paleozoic lithostratigraphy 
which represents the base of the study. This m em ber is comprised of
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those Tertiary volcanics which are not welded or pervasively zeolitized. 
Mean porosities greater th an  0.30 partially define th is aquimember. 
Contact with H.U. II, the Zeolitized Volcanics Aquiformation, is 
indicated by a  reduction in both the m ean and variance of resistivity 
and an  increase in water content or hydrogen index, See Figures 45 -  
47 and Tables 1.2, 1.6 and 1.4. Pre-Rainier Mesa, Post-Wahmonie 
Bedded Tuffs (Tx) are notably anomalous, showing a decrease in water 
content and an  increase in the variability of resistivity. Drellack, 
W arren and Hughes, 1987, divided this m ember into seven units, (See 
Figure 3.1). The data used in this study did not include these 
relatively new lithostratigraphic units. Thus, high variability of 
geophysical tool response is to be expected when a lithostratigraphic 
un it is comprised of mixed lithologies.
H.U. II Zeolitized Volcanics
H.U. II, Zeolitized Volcanics Aquiformation, is bounded by the  top of 
pervasive zeolitization and a t the base contact with the underlying 
Paleozoic strata . The elevation of the top of pervasive zeolitization 
comes from drilling records (Drellack, 1994-95, personal 
communications). This contact is set based upon evaluation of 
recovered samples, drilling rates, and geophysical data. Zeolitization 
changes m easured properties as shown in Tables 1.2 -  1.9. Changes in 
calculated porosity are shown in Table 1.1.
Figures 45 and 46 show useful relationships between resistivity, water 
content, and zeolitization. The reduction in both the m ean value and 
variability of resistivity suggest a  m ethod of identifying th is contact
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from digital log data. By calculating the m ean and variance of a  5 
m eter interval and comparing the results with adjacent intervals, the 
contact should be roughly located. When coupled with an  abrup t 
increase in water content, the accuracy should be improved.
The top of pervasive zeolitzation is not restricted to a  single 
lithostratigraphic unit. The upper contact of H.U. II crosses 
lithostratigraphic contacts. A sample location w hich otherwise would 
be in a  different hydrostratigraphic unit, is placed in H.U. II, the 
Zeolitized Volcanic Aquiformation, when it lies below this contact.
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H.U. I Test Chim neys
Five Hundred Forty-Eight nuclear tests have been conducted a t Yucca 
Flat, See Figure 48. Nuclear testing resu lts in cavities and collapse 
chimneys. These vertical features propagate from the emplacem ent 
loci upward. W hen the chimney reaches the surface, a depression 
crater is formed (See Figure 49).
Garber, 1971, estim ated the effective porosity in rubble chimneys 
ranged from 1.5 to 7.9 percent, a  substan tia l increase from pretest 
values of 0.1 to less th an  1 percent porosity. McKee and Hanson, 
1975, developed an empirical equation to estim ate the increase in 
permeability resulting from spherical explosions. The created 
enhancem ent permeabilities decreases with the fifth power of the 
cavity radius (1 /r5). Brikowski, 1991, examined the effect of collapse 
chimneys on hydrology and concluded th a t the flux through a 
chimney was roughly equivalent to a 0.3 m unplugged borehole.
Nilson and others, 1991, reported bulk  permeabilities on the order of 
100 darcies in rubble chimneys a t Pahute Mesa.
H.U. I, the Test Chimneys hydrostratigraphic un it consists of the test 
cavities, collapse chimneys, and surface collapse craters formed as a 
resu lt of nuclear testing in Yucca Flat. These vertically oriented 
cylindrical bodies extend from the base of the test cavity upward, 
commonly reaching the surface where a collapse crater is formed.
The shallowest tests were conducted in the alluvium, the deepest tests 
in Paleozoic rocks, th u s th is unit cuts through all of the lithostrata 
found in the test site.
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As shown in Figure 48, these tests features cover a  significant portion 
of the study area. The nuclear test caused increase in porosity and 
permeability should be as perm anent as naturally  occurring porosity 
and permeability.
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CHAPTER 5
CONCLUSIONS
Evaluation of geophysical log data  within the established geologic 
context yielded the four following conclusions:
1. Non-zeolitized volcanic lithostratigraphic un its geologically 
correlate with hydrostratigraphic un its in E ast Central Yucca 
Flat. Multiple lithostratigraphic units, including both air fall 
and ash  flow tuffs, can be combined into a single 
hydrostratigraphic unit, where the lithostrata  have been 
subjected to pervasive zeolitization. As more detailed 
lithostratigraphic data  becomes available for the m em bers of 
the Paintbrush formation, geophysical log data  should be re­
evaluated regarding th is conclusion.
2. In the non-zeolitized volcanics of E ast Central Yucca Flat, 
estim ated porosity and inferred permeability, vary 
systematically with stratigraphic elevation in a m anner 
consistent with depositional models. These system atic 
trends should be used in the assignm ent of porosity and 
permeability values to modeling units. The variation of 
hydraulic properties as a function of lithostratigraphic
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thickness is m ost strongly expressed in the Rainier Mesa 
Member of the Timber M ountain Tuff.
3. The estim ated porosity and inferred permeability of the 
alluvium varies greatly, b u t not in a system atic fashion.
Mean porosity and permeability values can reasonably be 
used to characterize th is lithostratigraphic unit. The 
variance of both porosity and permeability should be 
increased as contact with the underlying volcanics is 
approached.
4. Nuclear test chimneys form an  anthrogenic 
hydrostratigraphic un it which crosscuts all lithostratigraphic 
un its within the study area. The aggregate area affected by 
nuclear testing coupled with the increase in porosity and 
permeability, m akes consideration of th is hydrostratigraphic 
un it p rudent in hydrologic model development.
C ritique
The four following topics are weaknesses in this study:
Geologic Structure
S tructural features were not addressed in this study because the 
relationship between structural features and the defining properties of 
hydrostratigraphic units is not well known. For example, a  fault 
cutting a tabu lar anisotropic hydrostratigraphic un it may create
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gouge with increased porosity, decreased permeability, and isotropy. 
Alternatively, the fault may not change any of the defining properties 
of the  hydrostratigraphic unit. In the first case, the fault m ay bound 
the unit, in the second, it is irrelevant.
Cooling Model
The simple cooling unit model assum es tha t the un it was deposited in 
a geologic instant, and ignores local topography, erosion, and 
diagenetic effects.
Spatial Data Transformations
The stratigraphic elevation transform  assum es th a t the elevations 
used for the top and bottom of lithostratigraphic un its  are correct. If 
these contacts are wrong, then  the transform  m ay obscure rather 
th an  reveal trends.
Contact Effects
The contact between lithostratigraphic units m ay have dramatically 
different hydraulic properties th an  the adjoining rocks. Geosols19 are 
an  example of this type of phenomenon. The analytical m ethod used 
in th is study is not particularly sensitive to vertically th in  changes in 
physical property. It m ay be necessary to spatially weight 
m easurem ents proximate to lithostratigraphic contacts to determine if 
significant surface effects are present.
19. The fundamental pedostratlgraphic unit. Restricted to burled soils with a known stratigraphic 
position and laterally traceable (Birkeland, 1984, 326)
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Future Work
In-situ permeability m easurem ents are scarce in the study area. A 
promising source of potential surrogate values is being assem bled as 
a p a rt of the nearby Yucca M ountain Site Characterization Project. 
The Site and Engineering Properties D atabase has provision for 
spatially registered information on porosity, permeability, lithology, 
and  stratigraphy. If equivalence can be dem onstrated between the 
rocks of Yucca M ountain with the s tra ta  of Yucca Flat, then  the 
m easured permeabilities from Yucca M ountain may be used as 
estim ates for Yucca Flat.
A second source of permeability data  may be the USGS core library a t 
the Nevada Test Site. Cores have been recovered and retained for 
m any of the holes drilled a t the test site. If core permeability tests 
were to be ru n  on intensively logged lithostratigraphic intervals, then 
empirical m ethods such as th a t of Jorgensen could be calibrated for 
the s tra ta  of the test site. A problem with this approach is th a t 
permeabilities from cores will be biased toward low values. The 
reason is th a t only in tact cores can reliably be recovered and tested. 
T hus highly fractured, and permeable intervals will be selectively 
excluded. This bias may be empirically compensated by using 
geophysical logs which respond to fracturing, such  as formation 
m icroscanners or borehole acoustic televiewers, or which record 
fractures directly, such as borehole cameras.
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Direct, in-situ, m easurem ent of unsatu rated  hydraulic conductivity in 
uncased holes is a t least theoretically possible (Shan, C. and  D.B. 
Stephens, 1993, 2763-2769). Comparing this information with 
existing dry-hole resistivity, bulk  density, and neutron  w ater content 
logs m ay m ake it possible to estim ate pore size distributions. If a 
reliable relationship can be found between in-situ m easured 
unsa tu ra ted  hydraulic conductivity and existing logs, then  the large 
num ber of previously ru n  logs can be used to m ake detailed estim ates 
of the spatial distribution of permeability.
The problem of lateral continuity of extreme high and low permeability 
un its is persistent. Percolation theory (Adler, 1992; Berkowitz, 1993) 
shows promise as an  approach to predicting contiguous high 
permeability hydrostratigraphic units.
No system atic spatial trend was detected for any m easured property 
in the  alluvium of this study area. Prediction of the spatial 
distribution of hydrologic param eters in alluvium m ay require a 
substantially  different approach. Donovan, 1994-95 is applying 
allostratigraphic units to valley fill sedim ents to identify 
hydrostratigraphic units.
APPENDIX I
TABLES
The tables in th is appendix sum m arize some of the  data  assem bled 
for th is study. Tables 1.1 -  1.9 show the effect of zeolitization on 
calculated and m easured properties. Tables 1.10 — 1.15 summarize 
m easured properties by lithostratigraphic unit. Tables 1.16 -  1.19, are 
the hydrogeologic units of Winograd and Thordardson, 1975.
Table 1.1: Effect of Zeolitization on Geophysically Estim ated Porosity
Condition Symbol Bulk Grain Water Porosity
Density D ensity
Zeolitized Tc 1.88 2.45 0.197 0.384
Tmr 1.80 2.51 0.219 0.440
Tmrl 1.78 2.49 0.193 0.423
Tx 2.09 2.45 0.058 0.196
Non-Zeolitized Tc 1.74 2.47 0.148 0.400
Tmr 1.80 2.49 0.123 0.366
Tmrl 1.82 2.46 0.123 0.351
Tx 1.89 2.46 0.078 0.292
Table 1.2: Effect of Zeolitization on Bulk Density (p j
Bulk D ensity (gm /cc)
Tc N Mean StDev Var Max Min
Non-Zeolitized 58 1.74 .18 .03 2.13 1.30
Zeolitized 39 1.88 .12 .01 2.12 1.60
Tmr
Non-Zeolitized 5563 1.85 .59 .34 4.97 .84
Zeolitized 4689 1.79 .26 .07 2.53 .65
Tmrl
Non-Zeolitized 5006 1.82 .24 .06 2.60 .76
Zeolitized 2405 1.78 .20 .04 2.35 .70
Tx
Non-Zeolitized 3208 1.88 .23 .05 3.31 1.07
Zeolitized 2789 2.10 .33 .11 2.81 1.05
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Table 1.3: Effect of Zeolitization on Grain Density (pg)
Grain D ensity (gm /cc)
Tc N Mean StDev Var Max
Non-Zeolitized 11 2.47 0.05 0.00 2.56 2.39
Zeolitized 12 2.45 0.05 0.00 2.55 2.39
Tmr
Non-Zeolitized 24 2.49 0.07 0.01 2.61 2.37
Zeolitized 28 2.51 0.08 0.01 2.66 2.37
Tmrl
Non-Zeolitized 25 2.46 0.20 0.04 2.61 1.55
Zeolitized 26 2.49 0.08 0.01 2.62 2.37
Tx
Non-Zeolitized 24 2.46 0.07 0.01 2.58 2.31
Zeolitized 33 2.45 0.10 0.01 2.64 2.27
Table 1.4: Effect of Zeolitization on Resistivity
R esistiv ity  (Ohm-meters)
Tc N Mean StDev Var Max
Non-Zeolitized 286 134.78 106.71 11387.46 378.40 15.40
Zeolitized 206 26.71 10.08 101.56 42.10 2.20
Tmr
Non-Zeolitized 8039 146.14 100.73 10145.97 1414.51 0.14
Zeolitized 10961 46.68 45.15 2038.88 1106.90 3.30
Tmrl
Non-Zeolitized 11042 197.33 155.09 24052.91 1014.45 0.23
Zeolitized 5576 26.79 46.34 2147.04 1319.80 0.16
Tx
Non-Zeolitized 2481 197.67 166.23 27632.22 1621.10 11.10
Zeolitized 830 120.21 287.77 82812.27 2177.90 0.30
Table 1.5: Effect of Zeolitization on Velocity
Tmrl
Non-Zeolitized
Zeolitized
Tx
Non-Zeolitized
Zeolitized
42
6
9
866
V elocity (m eters/second)
N Mean StDev Var Max
570.75 217.26 47203.72 1128.98 320.95
703.58 141.27 19956.28 896.42 508.10
1828.66
4145.51
96.13
1301.70
9240.31
1694422.45
2005.89
6200.64
1706.88
149.96
120
Table 1.6: Effect of Zeolitization on Hydrogen Index and W ater Content 
Hydrogen Index (Decimal weight % water)
Tmr N Mean StDev Var Max
Non-Zeolitized 275 0.15 0.08 0.01 0.33 0.00
Zeolitized 388 0.27 0.12 0.02 0.61 0.03
Tmrl
Non-Zeolitized 180 0.10 0.06 0.00 0.30 0.00
Zeolitized 242 0.22 0.09 0.01 0.58 0.04
Water (Weight %)
Tc N Mean StDev Var Max
Non-Zeolitized 21 14.83 3.90 15.24 23.20 9.60
Zeolitized 28 19.74 2.63 6.94 24.40 13.60
Tmr
Non-Zeolitized 1572 12.2 5.18 26.85 29.90 4.00
Zeolitized 172 21.93 3.88 15.05 33.60 14.10
Tmrl
Non-Zeolitized 1067 12.32 3.71 13.75 25.40 1.90
Zeolitized 470 19.34 6.38 40.75 50.00 3.10
Tx
Non-Zeolitized 82 15.50 4.55 20.70 25.80 7.80
Zeolitized 531 5.79 8.44 71.20 34.20 -.06
Table 1.7: Effect of Zeolitization on Natural Gamma Radiation
Gamma (API Units)
Tmr N Mean StDev Var Max
Non-Zeolitized 1596 229.24 62.02 3845.86 348.48 31.56
Zeolitized 5068 127.70 29.64 878.39 245.68 39.05
Tmrl
Non-Zeolitized 2430 190.02 57.15 3266.64 293.89 21.66
Zeolitized 1053 118.90 67.12 4504.86 245.80 18.89
Table 1.8: Effect of Zeolitization on Gravity
Gravity
Tmr N Mean StDev Var Max Min
Non-Zeolitized 39 38.00 19.80 392.21 70.52 3.53
Zeolitized 18 84.66 9.38 87.95 102.25 68.50
Tmrl
Non-Zeolitized 9 21.81 17.19 295.45 52.82 1.69
Zeolitized 12 86.16 8.87 78.67 95.56 62.02
Tx
Non-Zeolitized 31 51.70 20.47 419.06 77.70 6.15
Zeolitized 20 92.08 6.43 41.32 102.46 78.78
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Table 1.9: Effect of Zeolitization on Texture M easurem ents
Clay (weight %)
Tc
Non-Zeolitized
ZeoliUzed
Tmr
Non-Zeolitized
Zeolitized
Tx
Non-Zeolitized
Zeolitized
S ilt (Weight %)
Tc
Non-Zeolitized
Zeolitized
T m r
Non-Zeolitized
Zeolitized
Tx
Non-Zeolitized
Zeolitized
S and  (Weight %) 
Tc
Non-Zeolitized
Zeolitized
Tmr
Non-Zeolitized
Zeolitized
Tm rl
Non-Zeolitized
Tx
Non-Zeolitized
Zeolitized
Pebble (Weight %) 
Tc
Non-Zeolitized
Zeolitized
Tm r
Non-Zeolitized
Zeolitized
Tx
Non-Zeolitized
Zeolitized
N
21
20
M ean
6.01
3.66
StD ev
2.30
1.78
Var
5.28
3.18
Max
10.20
8.00
1.20
0.90
52
39
10.73
10.32
10.15
3.83
103.04
14.63
41.70
20.30
1.70
2.60
56
48
5.91
7.94
3.71
3.35
13.78
11.22
17.30
16.80
1.10
1.40
N
24
21
M ean
19.22
6.05
StD ev
7.27
2.05
Var
52.81
4.21
Max
37.40
10.70
4.00
2.10
54
38
15.89
12.65
6.74
4.47
45.42
19.98
36.40
20.70
4.50
4.00
73
44
17.34
8.41
7.81
4.11
61.00
16.91
40.20
20.10
5.40
1.30
N
22
22
M ean
51.15
16.54
StDev
14.44
6.42
Var
208.48
41.26
Max
78.50
30.10
11.80
5.80
62
46
52.94
28.36
15.70
9.12
246.50
83.11
90.10
54.00
16.90
14.00
42 52.77 11.28 127.31 76.80 27.30
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58
52.95
34.20
14.06
10.21
197.73
104.32
85.20
61.80
17.80
11.10
N
23
23
M ean
23.97
74.43
StDev
18.67
8.59
Var
348.74
73.80
Max
81.60
90.60
3.80
55.50
64
46
21.59
49.39
13.31
15.52
177.04
240.89
59.70
78.10
0.80
13.90
72
62
24.36
48.41
16.55
13.03
273.87
169.78
62.80
86.30
1.00
23.40
Min
M in
M in
M in
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Table 1.10: Acoustic Velocity by Lithostratigraphic Unit
Symbol N Mean St Dev. Var. Min. Max.
Qal 127 1028.76 525.91 276576.14 320.95 2479.00
Tma 34 833.13 435.44 189610.41 334.98 2011.00
Tmr 700 714.42 133.25 17755.19 502.23 1903.00
Tmru 6 463.40 58.16 3382.03 390.75 554.13
Tmrm 23 782.74 242.81 58957.92 390.75 1128.98
Tmrl 11 636.53 43.00 1848.76 586.13 743.41
Tx 100 2106.10 555.18 308224.96 508.10 3165.96
Tw 70 2241.59 359.06 128924.58 228.91 2809.04
Tc 142 2217.81 438.95 192674.21 149.96 2865.12
Tgb 42 1256.89 677.29 458718.42 673.80 2307.03
Ttu 1293 865.12 56.79 3225.62 698.30 994.68
Tt4 571 1321.11 733.58 538138.06 761.78 2756.00
Tt4e 161 2459.59 193.89 37592.68 1966.87 2787.09
Tt3 617 1978.96 873.52 763044.01 759.90 3045.87
Tt3bc 276 2376.84 701.76 492472.15 832.37 3045.87
Tbt 8 893.10 37.48 1404.61 830.08 953.35
Tt2 65 1481.07 357.23 127610.73 706.92 2207.15
Ttl 82 2692.87 146.46 21450.10 2242.11 3033.06
Tyf 187 2611.89 122.89 15100.93 2328.98 3008.07
Trv 382 2916.15 205.17 42095.50 2214.98 3692.04
Tot2 126 3032.77 111.59 12453.09 2830.98 3472.89
Tf 100 3036.66 85.62 7331.01 2865.12 3165.96
Totl 25 2987.22 247.41 61209.78 2756.00 3831.95
Tic 87 2905.23 351.63 123643.73 2328.98 4550.97
Pz 672 1433.08 278.70 77671.04 671.04 1889.95
Pzc 550 1426.24 404.67 163758.86 663.17 2397.18
Table 1.11: N atural Gammma Radiation (API Units) by 
Lithostratigraphic Unit
Symbol N Mean St. Dev. Var. Min. »
Qal 25073 152.86 35.65 1271.14 16.49 281.36
Tma 3559 226.05 39.10 1529.20 31.56 348.48
Tmr 8574 209.86 40.74 1659.89 95.28 345.68
Tmru 674 242.82 34.72 1205.74 186.43 330.04
Tmrm 1279 247.39 25.39 644.73 170.46 351.27
Tmrl 644 191.55 22.02 484.88 148.92 242.42
Tp 1361 148.46 28.06 787.35 91.14 206.86
Tx 2381 135.35 66.80 4461.75 18.89 245.80
Tw 1692 122.41 42.67 1820.45 44.01 190.56
Tc 2485 92.38 32.99 1088.42 47.33 202.27
Tcpu 792 172.33 11.26 126.81 144.87 204.38
Tgb 742 97.87 33.38 1114.16 39.05 198.78
Ttu 1009 96.44 25.94 672.68 19.43 135.07
Tt4 3065 123.12 30.86 952.05 62.16 213.17
Tt4e 461 109.45 19.41 376.64 69.27 133.08
Tt3 1549 121.86 20.35 414.12 67.60 176.55
Tt3bc 581 123.07 18.94 358.80 68.72 148.38
Tbt 400 111.95 19.35 374.46 91.39 196.37
Tt2 367 133.34 13.14 172.64 81.80 176.55
Tcf 1908 138.98 38.18 1457.92 37.91 196.02
Ttl 240 133.04 7.22 52.15 116.33 155.53
Tyf 239 135.46 10.80 116.68 112.42 165.25
Pzc 696 45.86 34.30 1176.28 9.05 114.39
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Table 1.12: Hydrogen Index by Lithostratigraphic Unit
Symbol N Mean S t Dev. Var. Min. Max.
Qal 3653 .11 .03 .00 .04 .21
Tma 1146 .11 .04 .00 .03 .24
Tmr 1361 .17 .07 .00 .00 .46
Tmru 258 .13 .03 .00 .06 .25
Tmrm 509 .05 .03 .00 .00 .16
Tmrl 240 .16 .05 .00 .10 .30
Tx 1202 .23 .08 .01 .03 .58
Tw 138 .22 .06 .00 .14 .37
Tc 1184 .23 .05 .00 .14 .61
Tgb 264 .32 .06 .00 .19 .52
Tt4 1358 .23 .05 .00 .13 .50
Tt4e 314 .24 .05 .00 .14 .50
Tt3 765 .19 .04 .00 .12 .40
Tt3bc 329 .20 .04 .00 .12 .40
Tbt 40 .18 .04 .00 .13 .31
Tt2 299 .19 .04 .00 .11 .35
Ttl 122 .16 .03 .00 .09 .26
Tyf 206 .20 .04 .00 .11 .32
Table 1.13: W ater content by Lithostratigraphic
Symbol N Mean S t Dev Var. Min. Max.
Qal 12773 11.48 3.58 12.83 -.11 46.58
Tma 2153 9.45 4.12 16.97 2.73 27.20
Tmr 5223 8.36 4.32 18.69 1.59 28.80
Tmru 263 15.50 2.36 5.56 9.69 24.80
Tmrm 676 8.66 2.21 4.86 3.80 19.19
Tmrl 331 17.20 2.63 6.90 11.00 29.00
Tp 209 20.27 6.47 41.80 8.79 36.50
Tx 700 18.88 5.60 31.35 3.50 50.00
Tw 162 23.50 6.62 43.84 3.10 62.70
Tc 204 23.18 4.73 22.41 11.80 36.80
Tcb 16 19.92 3.13 9.79 14.20 25.10
Tcpu 103 25.51 7.22 52.16 9.28 42.31
Tgb 120 23.69 6.10 37.27 9.51 35.78
Ttu 858 18.77 6.77 45.82 -.06 41.39
Tt4 248 20.86 4.06 16.48 8.00 29.40
Tt4e 47 21.63 3.03 9.16 16.70 29.40
Tt3 98 19.30 5.72 32.76 5.80 33.50
Tt3bc 2 19.15 2.35 5.52 16.80 21.50
Tbt 157 22.45 2.59 6.72 11.90 27.44
Tt2 12 18.18 5.20 27.08 10.70 29.20
Tcf 316 25.12 3.70 13.72 8.16 41.20
Ttl 25 22.37 3.09 9.56 17.10 27.70
Pz 430 1.80 1.15 1.33 -.06 5.18
Pzc 321 3.54 3.24 10.49 .35 19.90
Note: The negative values are an  artifact of the processing of tool 
response of counts per m inute into weight percent water.
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Table 1.14: Resistivity (Ohm-meters) by Lithostratigraphic Unit
Symbol N Mean St. Dev. Var. Min. Max
Qal 24182 106.40 79.83 6373.45 .14 1598.20
Tma 4175 286.92 160.35 25711.88 12.60 1408.60
Tmr 8183 254.18 276.69 76556.30 8.46 6451.23
Tmru 1206 189.23 107.86 11633.82 52.76 1473.10
Tmrm 2971 368.33 164.14 26941.31 23.20 1621.10
Tmrl 1485 75.56 44.88 2014.31 16.10 274.10
Tp 682 33.43 13.53 182.97 13.65 58.94
Tx 9862 44.60 68.94 4752.91 .16 1319.80
Tw 2735 27.66 78.03 6089.27 5.98 1106.90
Tc 8008 30.21 39.66 1572.77 5.30 664.00
Tcb 85 33.56 4.51 20.37 20.70 43.30
Tcpu 396 30.33 1.87 3.51 22.59 34.21
Tgb 1553 18.94 8.59 73.78 7.10 49.35
Ttu 3705 28.49 12.48 155.75 5.32 86.03
Tt4 2675 51.93 86.11 7415.56 2.20 478.20
Tt4e 459 110.35 136.47 18623.03 27.80 478.20
Tt3 878 27.77 14.61 213.59 .30 66.80
Tt3bc 49 15.25 1.77 3.15 10.98 18.82
Tbt 1056 16.80 4.71 22.15 5.70 29.90
Tt2 252 28.30 9.65 93.04 13.00 56.90
Tcf 3101 21.94 9.40 88.41 .11 59.70
Ttl 761 22.56 14.90 222.14 3.10 94.70
Tyf 91 62.83 18.59 345.76 27.90 95.90
Trv 71 438.48 242.62 58866.73 147.90 940.30
Tf 512 61.27 66.31 4397.24 5.10 426.00
Totl 170 14.25 32.20 1037.10 1.80 284.50
Tic 248 91.26 121.75 14822.16 5.50 510.80
Pz 401 582.84 821.74 675252.58 10.40 3980.90
1 2 5
Table 1.15: Density by Lithostratigraphic Unit
S y m b o l N M ean S t. D ev . Var. M in. Max.
Qal 3 3 7 3 2 1.94 .25 .06 .76 4 .9 7
Tma 6861 1.74 .32 .10 .93 4 .4 2
Tmr 15915 1.81 .28 .08 .84 2.51
Tmru 1289 1.67 .11 .01 .86 1.98
Tmrm 2541 2 .0 7 .19 .04 1.12 2 .6 0
Tmrl 1367 1.69 .10 .01 1.19 2.01
Tp 1458 2 .0 6 .10 .01 1.57 2 .2 8
Tx 7 3 4 2 1.78 .20 .04 .65 2 .3 0
Tw 2 0 5 0 1.92 .17 .03 1.06 2 .4 4
Tc 4 7 2 4 1.89 .13 .02 1.05 2 .3 5
Tgb 2 0 9 8 1.84 .15 .02 1.00 2 .5 5
Ttu 8 1 9 0 1.97 .16 .03 1.22 5 .3 7
Tt4 5 3 8 7 1.90 .11 .01 1.03 2 .4 6
Tt4e 9 9 5 1.87 .09 .01 1.17 2 .1 6
Tt3 2 1 9 8 1.99 .11 .01 1.42 2 .4 7
Tt3bc 771 1.95 .10 .01 1.46 2 .4 0
Tbt 1783 1.97 .07 .00 1.72 2 .3 2
Tt2 7 4 3 1.97 .07 .00 1.62 2.21
Tcf 5 5 9 9 1.95 .16 .03 1.06 2 .4 9
Ttl 6 8 4 2 .0 6 .1 4 .02 1.70 2 .5 3
T y f 4 5 8 1.93 .07 .00 1.55 2 .1 0
Trv 6 5 2 .1 6 .09 .01 1.99 2 .3 4
Tf 3 3 5 2 .0 7 .12 .02 1.60 2.61
Totl 6 7 2 .0 6 .22 .05 1.82 2.81
Tic 152 2 .2 6 .35 .12 1 .60 2 .7 0
Pz 4 4 2 2 .5 6 .18 .03 1.81 2 .9 0
Pzc 4 3 0 2 .5 7 .2 4 .06 1.53 2 .8 8
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APPENDIX II
GEOPHYSICAL LOGS AND 
HYDROSTRATIGRAPHIC CROSS SECTIONS
Geophysical logs for selected study area holes are shown on the 
following pages. The right column shows lithostratigraphic units 
symbols, as described in Chapter 3, and listed in Table 1.1. Tracks of 
the individual tools have been m athem atically scaled to fit the 
available space in each column. This m eans th a t the peak values of 
one hole are not directly comparable to another hole.
Two crossections showing the hydrostratigraphic un its in this study 
are shown in Figures 56 and 57.
131
132
U3GG
Uoter GommoCo l i p e r  Dens i t y  R e s i s t i v i t y
QAL
/ A  /A  /A 
i VA TA
THRU
TMRM
TMRL
Figure 50: Geophysical Tool Response for U3gg
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Figure 51: Geophysical Tool Response for U31a
134
IHI
QAL
o f d f i
/  /  / /A  /A  /A
TMA
TMR
TX
TW
TC
TBG
C a l i p e r D e n s i T y R e s i s t i v i t y V e I o c i t y Wa t e r
Figure 52: Geophysical Tool Response for U4i
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Figure 53: Geophysical Tool Response for U4j
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Figure 56: Hydrostratigraphic Crossection A-A’
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Figure 57: Hydrostratigraphic Crossection B-B’
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APPENDIX III
SOURCE CODE LISTING
The following com puter program is an adaptation of routines from 
Press, H. and others. Numerical Recipes in Pascal. Cambridge: 
Cambridge University Press, 1990. The m ean porosity values and 
standard  deviations of porosity shown in Figures 9 — 20 and Tables 
2.2 — 2.14, were produced using this program.
Program MontePoro(input, output):
Uses DOS,CRT;
CONST
np = 5000;
TYPE
RealArrayNP = ARRAY [l..np] OF real;
VAR
InFile,OutFile:Text;
LS_Unit,Es,Mub,Sigb,MuZ,SigZ,Rhog,Sigg: real;
DataSet: RealArrayNP:
Gasdevlset: integer;
GasdevGset: real;
Ran3Inext,Ran3Inextp: integer;
Ran3Ma: ARRAY [1..55] OF real; 
idum.n: integer; 
ave,adev,sdev: real; 
svar,skew,curt: real;
{ The functions ran3 and gasdev, the procedure moment are from } 
{ the disk, Numerical Recipies for Pascal, 1993}
{ The function Phi and the procedure Realization were written }
{ for this paper by the author.)
PROCEDURE Initialize;
BEGIN
Gasdevlset := 0; 
idum := -1; 
n := NP;
Assign(Infile,’C:\tp\nr\Phi_col.txt’);
Reset(Infile);
Assign(Outhle,'C:\tp\nr\Rev_pc.pm’);
Rewrite(Outfile);
END;
FUNCTION ran3(VAR idum: integer): real;
140
CONST
mbig = 4.0e6; 
mseed = 1618033.0; 
mz = 0.0; 
fac = 2.5e-7;
VAR
1,11,k: Integer; 
mj.mk: real;
BEGIN
IF idum < 0 THEN BEGIN 
mj := mseed+idum;
IF mj >= 0.0 THEN
mj := mj-mbig*trunc(mj/mbig)
ELSE
mj ;= mbig-abs(mj)+mbig*trunc(abs(mj)/mbig);
(* mj := mj MOD mbig; *)
Ran3Ma[55] := mj; 
mk := 1;
FOR i := 1 TO 54 DO BEGIN 
ii := 21*i MOD 55;
Ran3Ma[ii] := mk; 
mk := mj-mk;
IF mk < mz THEN mk := mk+mbig; 
mj := Ran3Ma[ii]
END;
FOR k := 1 TO 4 DO BEGIN 
FOR i := 1 TO 55 DO BEGIN
Ran3Ma[i] := Ran3Ma[i]-Ran3Ma[l+((i+30) MOD 55)];
IF Ran3Ma[i] < mz THEN Ran3Ma[i] := Ran3Ma[i]+mbig 
END 
END;
Ran3Inext := 0;
Ran3Inextp := 31; 
idum := 1 
END;
Ran3Inext := Ran3Inext+l;
IF Ran3Inext = 56 THEN 
Ran3Inext := 1;
Ran3Inextp := Ran3Inextp+1;
IF Ran3Inextp = 56 THEN Ran3Inextp := 1; 
mj := Ran3Ma]Ran3Inext]
-Ran3Ma[Ran3Inextp];
IF mj < mz THEN mj := mj+mbig;
Ran3Ma[Ran3Inext] := mj; 
ran3 := mj*fac 
END;
FUNCTION gasdev(VAR idum: integer): real;
VAR
fac,r,vl,v2: real;
BEGIN
IF Gasdevlset = 0 THEN BEGIN 
REPEAT
vl := 2.0*ran3(idum)-1.0; 
v2 := 2.0*ran3(idum)-1.0; 
r := sqr(vl)+sqr(v2);
UNTIL (r < 1.0) AND (r > 0.0); 
fac := sqrt(-2.0*ln(r)/r);
GasdevGset := vl*fac; 
gasdev := v2*fac;
Gasdevlset := 1 
END
ELSE BEGIN
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Gasdevlset := 0; 
gasdev := GasdevGset;
END
END;
Function Phi(Mub,Sigb,MuZ,SigZ,Rhog:Real):Real;
BEGIN
Phi := (l-((Mub + GasDev(idum) * Sigb)/(Rhog + GasDev(idum) * Sigg)) * 
(l-(MuZ + GasDev(idum) * SigZ)));
END;
PROCEDURE Realization;
VAR
j: integer;
BEGIN
for j := 1 to n do DataSet[j] := Phi(Mub,Sigb,MuZ,SigZ,Rhog);
END;
PROCEDURE moment(VAR data: RealArrayNP;
n: integer;
VAR ave,adev,sdev: real;
VAR svar.skew.curt: real);
VAR
j: integer; 
s,p: real;
BEGIN
IF n <= 1 THEN BEGIN
writelnfpause in MOMENT -  n must be at least 2’); 
readln 
END; 
s := 0.0;
FOR j := 1 TO n DO 
s := s+data(j]; 
ave := s/n; 
adev := 0.0; 
svar := 0.0; 
skew := 0.0; 
curt := 0.0;
FORj := 1 TO n DO BEGIN 
s := data(j]-ave; 
adev := adev+abs(s); 
p := s*s; 
svar := svar+p; 
p := p*s; 
skew := skew+p; 
p := p*s; 
curt := curt+p 
END;
adev := adev/n; 
svar := svar/(n-l); 
sdev := sqrt(svar);
IF svar <> 0.0 THEN BEGIN
skew := skew/(n*sdev*sdev*sdev); 
curt := curt/(n*sqr(svar))-3.0 
END
ELSE BEGIN
writelnfpause in MOMENT -  no skew/kurtosis when variance = O’); 
readln 
END
END;
BEGIN {Main Program)
ClrScr;
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Writeln(’Startlng Monte Carlo Routine’);
Initialize;
While not EOF(InFile) do 
BEGIN
ReadLn(InFile, LS_Unit, Es, Mub, SigB, Rhog, Sigg, MuZ, SigZ); 
Realization;
Moment(DataSet,n,Ave,ADev,SVar,SDev,Skew,Curt); 
WriteLn(OutFile,LS_Unit:3:0,’, Es:3:l,’, \Ave: 12:6,’, ’, SDev:12:6);
END;
Close(Infile);
Close(Outfile);
Writeln(’Routine Complete’);
END. {Main Program)
BIBLIOGRAPHY
Adler, P.M. Porous Media: Geometry and Transports. Boston: 
Butterworth-Heinemann, 1992.
Adler, P.M., C.G. Jacqu in  and J-F  Thovert. ‘T he Formation Factor of 
Reconstructed Porous Media.” Water Resources Research, Vol. 
28, No. 6, (1992): 1571-1576.
American Geological Institute. Dictionary o f Geologic Terms. New York: 
Doubleday & Co, 1962.
Barnes, R.J. “Bounding the Required Sample Size for Geologic Site
Characterization.” Mathematical Geology, Vol. 20, No. 5, (1988): 
477-490.
Bayer, U. Pattern Recognition Problems in Geology and Palentology.
Lecture Notes in E arth  Sciences, #2. New York: Springer-Verlag, 
1985.
Bear, J . Dynamics o f Fluids in Porous Media. New York: American 
Elsevier Publishing Co., 1972.
Berkowitz, B. and I. Balberg. “Percolation Theory and Its Application 
to Groundw ater Hydrology.” Water Resources Research, Vol.29, 
No. 4, (1993): 775-794.
Birkeland, P.W.. Soils and Geomorphology. New York: Oxford 
University Press, 1984.
Bohling, G.C., J . Harff and J.C. Davis. “Regionalized Classification: 
Ideas and Applications.” In Fifth Canadian/American  
Conference on Hydrogeology in Banff, Alberta Canada, 
September 1990, by the National Water Well Association. United 
States: National Water Well Association, 1990, 229-242.
Bourgault, G., D. Marcotte and P. Legendre. T h e  Multivariate
(Co)Variogram as a  Spatial Weighting Function in Classification 
Methods.” Mathematical Geology, Vol. 24, No. 5, (1992): 
463-478.
Brikowski, T.H. The Hydrology o f Underground Nuclear Tests: The 
Effect o f Collapse Chimney Formation. Las Vegas, Nevada: 
Desert Research Institute Publication #45090, 1991.
Burkhard, N.R. “Physical Properties in LLNL Yucca Flat Areas: The
ROCK PILE Concept.” In Proceedings o f the Fifth Sym posium  on
144
1 4 5
Containment o f Underground Nuclear Explosions, Volume 2, in 
Santa Barbara, California, September 19-21, 1989 by Lawrence 
Livermore National Laboratory, 1989, 223-243.
Byers, F.M., J r ., Carr, W.J. et. al. Volcanic Suites and Related
Cauldrons o f Timber Mountain-Oasis Valley Caldera Complex, 
Southern N evada  U.S. Geological Survey Professional Paper 
919, 1976, 70 p.
Carr, W.J., F.M. Byers J r . and P.P. Orkild. Stratigraphic and Volcano- 
Tectonic Relations o f  Crater Flat Tuff and Some Older Volcanic 
Units, Nye Co., N evada  U.S. Geological Survey Professional 
Paper 1323, 1986, 28 p.
Christakos, G. Random Field Models in Earth Sciences. New York: 
Academic Press, 1992.
Collier, H.A. Borehole Geophysical Techniques fo r  Ground Water and  
Environmental Investigations. A Notebook for A Preconference 
Workshop a t the 1993 National Ground Water Association 
Outdoor Action Conference in Las Vegas, Nevada, May 23-24, 
1993. Texas: Texas Water Development Board, 1993.
Conaway, J.G . “Distortion of Geophysical Logs Near Bed Boundaries 
and in Complex Lithologies.” In Proceedings o f the Fifth 
Symposium on Containment o f Underground Nuclear Explosions, 
Volume 2 in Santa Barbara, California, September 19-21, 1989 
by Lawrence Livermore National Laboratory, 1989, 337-354.
Covington, H.R., and F.W. Simonds. “Geologic Cross Sections and 
Paleogeologic Maps, Yucca Flat, Nevada Test Site.” In 
Proceedings o f the Third Symposium on Containment o f Nuclear 
Explosions -  Volume 2. U.S. D epartm ent of Energy, 1985, 31-45.
Cressie, N.A. “Fitting Variogram Models by Weighted Least Squares.” 
Mathematical Geology, Vol. 17, No. 5, (1985): 563-585.
Cressie, N.A. Statistics fo r  Spatial Data. New York: Jo h n  Wiley & Sons,
1991.
Dale, D.A. “Comparison and Correlation of Lithostratigraphic and
Hydrostratigraphic Units of Southw est Area 20, Pahute Mesa, 
Nevada Test Site”. M aster’s Thesis, University of Nevada Las 
Vegas, 1994.
Dagan, G.A. “Statistical Theory of Groundwater Flow and Transport: 
Pore to Laboratory, Laboratory to Formation, and Formation to 
Regional Scale.” Water Resources Research, Vol.22, No. 9,
(1986): 120S-134S.
Dagan, G.A. and P. Indelman. “Upscaling of Permeability of
Anisotropic Heterogeneous Formations -  1. The General
146
Framework.” Water Resources Research, Vol.29, No. 4, (1993): 
917-923.
Dagan, G.A. and P. Indelman. “Upscaling of Permeability of
Anisotropic Heterogeneous Formations -  2. General S tructure  
and Small Perturbation Analysis.” Water Resources Research, 
Vol.29, No. 4, (1993): 925-933.
D esbarats, A. J . “Geostatistical Analysis of Interwell Transm issivity in 
Heterogeneous Aquifers.” Water Resources Research, Vol. 29,
No. 4, (1993): 1239-1246.
Dixon, G.L., K.A. Sargent, and W.J. Carr. Abandonment o f the Indian 
Trail Formation and Distribution o f  Certain Equivalent Ash-Flow  
TUffs, Eastern Nevada Test Site. U.S. Geological Survey Bulletin 
1422-A, 1976, A49-A54.
Donnelly, T.G. D atabase Manager, Raytheon Services Nevada. ASCII 
Files (computer disk) of Yucca Flats Log Listing D atabase. 
Personal Communication, 1993-94.
Donovan, D. Hydrogeologist, Las Vegas Valley Water District. Personal 
Communications, 1994-95.
Doyen, P.M. “Permeability, Conductivity and Pore Geometry of
Sandstone.” Journal o f Geophysical Research, Vol. 93, No. B7, 
(1988): 7729-7740.
Drellack, S.L. Geologist, Raytheon Services Nevada, Inc. Personal 
Communications, 1994-95.
Drellack, S.L., P.H. Thompson, and C.J. Jackson. “Geology of the 
U -la.01 Horizontal Drift Complex, Southw estern Yucca Flat, 
Nevada Test Site.” Proceedings o f the Fifth Symposium on 
Containment o f Underground Nuclear Explosions, Volume 2 in 
Santa Barbara, California, September 19-21, 1989 by Lawrence 
Livermore National Laboratory, 1989, 388-404.
Drellack, S.L., R.G. Warren, and W.T. Hughes. “Definition of
Stratigraphic Units between the Grouse Canyon and Rainer 
Mesa Tuff in Los Alamos Use Areas of Yucca Flats, Nevada Test 
Site.” In Proceedings o f the Fourth Symposium on Containment o f  
Underground Nuclear Explosions, Volume 2, United States Air 
Force Academy, Colorado Springs, Colorado, September 21-24, 
1987, by Sandia National Laboratory, 1987, 27-55.
Dullien, F.A.L. Porous Media: Fluid Transport and Pore Structure. San 
Diego: Academic Press, 1992.
Dykaar, B.B. and P.K. Kitanidis. “Transm issivity of a  Heterogeneous 
Formation.” Water Resources Research  Vol. 29, No. 4, (1993): 
958-1001.
147
Elwood, R , H.L. McKague and J . Wagoner. “Evidence for Syntectonic 
Activity During Alluvial Deposition, Yucca Flat, Nevada.” In 
Proceedings o f  the Third Symposium on Containment o f  
Underground Nuclear Explosions, Volume 2. U.S. D epartm ent of 
Energy, 1985.
Fem ald, A.T. Thickness o f Surficial Deposits and Tuff in Yucca Flat, 
Nevada Test Site, NTS-224. U.S. Geological Survey, 1970.
Fetter, C.W. Applied Hydrogeology, 2nd Ed. New York: Macmillan 
Publishing Co., 1988.
Freeze, R.A. and J.A. Cherry. Groundwater. Englewood Cliffs, New 
Jersey: Prentice-Hall, Inc., 1979.
Garber, M.S. A Method fo r  Estimating Effective Porosity in a  Rubble 
Chimney Formed by an Underground Nuclear Explosion. U.S. 
Geological Survey Professional Paper 750-C, 1971, C207-C209.
Ghilardi.P., A. Kia Kia and G. Menduni. “Self-Similar Heterogeneity in 
G ranular Porous Media a t the Representative Elementary 
Volume Scale.” Water Resources Research, Vol. 29, No. 4,
(1993): 1205-1214.
Gibbons, A.B., E.N. Hinrichs, W.R. Hansen, and R.W. Lemke. Geology 
o f the Rainier M esa Quadrangle, Nye County, N evada  U.S. 
Geological Survey Quadrangle Map GQ-215, Scale 1:24000. 
1963.
Gill, D. “Discrimination of Sedimentary Facies by Association 
Analysis.” Mathematical Geology, Vol. 25, No. 4, (1993): 
471-482.
Gomez-Hemandez, J .J .  and R. Mohan Srivastava. “ISIM3D: An ANSI- 
C Three-Dimensional Multiple Indicator Conditional Sim ulation 
Program.” Computers & Geoscience, Vol. 16, No. 4, (1990): 
395-440.
Gordon, A.D. Classification. New York: Chapm an and Hall, 1981.
Gower, J.C . “A General Coefficient of Similarity and Some of its 
Properties.” Biometrics, Vol. 27, (1971): 857-871.
Grunsky, E.C. and F.P. Agterberg. “Spatial Relationships of
Multivariate D ata.” Mathematical Geology, Vol. 24, No. 6,
(1992): 731-758.
Gueguen, Y. and J . Dienes. “Transport Properties of Rocks from
Statistics and Percolation.” Mathematical Geology, Vol. 21, No.
1, (1989): 1-13.
148
Hanson, M.E. and C.R. McKee. “Explosively Created Permeability from 
Single Charges.” Journal o f  the Society o f Petroleum Engineers, 
(December 1975): 495-501.
Hawkins, W.L. Geologist, Los Alamos National Laboratory. Personal 
Communication, 1994.
Hearst, J.R . Geophysicist, Lawrence Livermore National Laboratory. 
Personal Communication, 1994.
Hickey, J .J ., and P.S. Safko. A  Preliminary Approach to the Use o f
Borehole Data, Including Television Surveys, fo r Characterizing 
Secondary Porosity o f  Carbonate Rocks in the Floridian Aquifer 
System . U.S. Geological Survey W ater-Resources Investigations 
Report 91-4168, 1992.
Hinrichs, E.N., and Orkild, P.P. Eight Members o f the Oak Spring 
Formation, Nevada Test Site and Vicinity, Nye and Lincoln 
Counties, Nevada. U.S. Geological Survey Professional Paper 
424-D, Article 327, 1961, D96-D103.
Hjelt, S-E. Pragmatic Inversion o f Geophysical Data. Lecture Notes in 
E arth  Sciences, #39. New York: Springer-Verlag, 1992.
Hoover, D.L. and  J.E . Magner. Geology o f the Rainer Mesa-Aqueduct 
M esa Tunnel Areas. U.S. Geological Survey Open-File Report 
90-623, 1990, 1-34.
Howard, N.W. Variation in Properties o f  Nuclear Test Areas and Media 
a t the Nevada Test Site. Lawrence Livermore National 
Laboratory Publication #UCRL-53721, 1985, 1-37.
Howard, N.W., B. Grothaus and H. McKague. Subsurface Correlation 
o f Tertiary-Quaternary Desert Alluvial Deposits, Southern Yucca 
Flat, N evada  Lawrence Livermore National Laboratory, 1984.
Howard, N.W. LLL K Division Nuclear Test Effects and Geologic Data  
Base: Glossary and Parameter Definitions (U). Lawrence 
Livermore Laboratory, 1979, 1-71.
Hubbert, M.K. ‘T he Theory of Groundw ater Motion.” Journal o f  
Geology, Vol. 48, 1940.
Indelman, P. “Upscaling of Permeability of Anisotropic Heterogeneous 
Formations -  3. Applications.” Water Resources Research,
Vol.29, No. 4, (1993): 935-943.
Isaaks, E.H. and R.M. Srivastava. Applied Geostatistics. New York: 
Oxford University Press, 1989.
149
Istok, J.D ., C.A. Rautm an, L.E. Flint, and A.L. Flint. “Spatial
Variability in Hydrologic Properties of a Volcanic Tuff.” Ground 
Water, Vol 32. No.5, (1994): 751-760.
Jam es, M. Classification Algorithms. New York: Jo h n  Wiley & Sons, 
1985.
Johnson , N.M. and S.J. Dreiss. “Hydrostratigraphic Interpretation 
Using Indicator Geostatistics.” Water Resources Research, Vol. 
25, No. 12, (1989): 2501-2510.
Jorgensen, D.G. “Estim ating Geohydrologic Properties from Borehole- 
Geophysical Logs.” Groundwater Monitoring, (1991): 123-129.
Jorgensen, D.G. “Estim ating Permeability in W ater-Saturated
Form ations.” The Log Analyst, (November-December 1988): 
401-409.
Jorgensen, D.G. Using Geophysical Logs to Estim ate Porosity, Water 
Resistivity and Intrinsic Permeability. U.S. Geological Survey 
Water Survey Paper 232, 1989, 1-24.
Jorskog, K.G., J.E . Klovan and R.A. Reyment. “Geological Factor 
Analysis.” Methods in Geomathematics, Vol. 1. New York: 
Elsevier Science Publishing Company, 1976.
Ju ry , W.A., W.R. Gardner, and W.H. Gardner. Soil Physics, 5th 
Edition. New York: Jo h n  Wiley & Sons, 1991.
Kistler, R.W. Potassium-Argon Ages o f Volcanic Rocks in Nye and  
Esmeralda Counties, N evada  Geological Society of America, 
Memoir 110, 1968, 251-262.
Krumbein, W.C. and L.L. Sloss. Stratigraphy and Sedimentation. San 
Francisco: W.H. Freem an & Co., 1963.
Lance, G.N. and W.T. Williams. “Mixed-Data Classificatory Programs, 
Part I. Agglomerative System s.” The Australian Computer 
Journal, (November 1967): 15-20.
MacQueen, J . “Some Methods for Classification and Analysis of
Multivariate Observations.” Proceedings o f the Fifth Berkeley 
Symposium on Mathematical Statistics and Probability, Vol. 1, 
1967, 281-297.
McCuen, R.H. and W.M. Snyder. Hydrologic Modeling: Statistical 
Methods and Applications. Englewood Cliffs, New Jersey: 
Prentice-Hall, 1986.
Maxey, G.B. “Hydrostratigraphic Units.” Journal o f  Hydrology, No. 2, 
(1964): 124-129.
150
Merin, I.S. “Conceptual Model of Ground Water Flow in Fractured
Siltstone Based on Analysis of Rock Cores, Borehole Geophysics 
and Thin Sections.” Groundwater Monitoring, (1992): 118-125.
Moline G.R., J.M. Bahr and L.D. Shepherd. “A M ultivariate Statistical 
Method for Using Geophysical Log Data to Delineate 
Hydrostratigraphy and Estim ate Hydraulic Param eters: St.
Peter Sandstone, Michigan Basin.” In Fifth Canadian/American  
Conference on Hydrogeology in Banff, Alberta, Canada, 
September 1990 by the National Water Well Association. United 
States: National Water Well Association, 1990, 214-228.
Neergaard, J.R . Los Alamos National Laboratory. ASCII File: GEODES 
D atabase. Personal Communication, 1994.
Nilson, R.H., and others. “Field M easurem ents of Tracer Gas
T ransport Induce by Barometric Pumping.” In Proceedings o f  
the 6th Symposium on Containment o f Underground Nuclear 
Explosions in Reno Nevada, September 24-27, 1991 by Lawrence 
Livermore National Laboratory, 1991, 359-375.
North American Commission on Stratigraphic Nomenclature. “North 
American Stratigraphic Code.” American Association o f  
Petroleum Geologists Bulletin, Vol. 67, No. 5 (May 1983): 
841-875.
Oliver, M.A. and R. Webster. “A Geostatistical Basis for Spatial
Weighting in Multivariate Classification.” Mathematical Geology, 
Vol. 21, No. 1, (1989): 15-35.
Orkild, P.P. Paintbrush Tuff and Timber Mountain Tuff o f  Nye County, 
Nevada. U.S. Geological Survey Bulletin 1224-A, 1965, A44- 
A51.
Pawloski, G.A. Geophysicist, Lawrence Livermore National Laboratory. 
Personal Communication, 1994.
Pawloski, G.A., H.L. McKague and J.L. Wagoner. “A Guidebook for 
Identifying Stratigraphic Contacts a t the Nevada Test Site.” In 
Proceedings o f the 6th Symposium on Containment o f  
Underground Nuclear Explosions, Reno, Nevada, September 
24-27, 1991 by Lawrence Livermore National Laboratory, 1991, 
265-288.
Pirsig, R.M. Zen and the Art o f Motorcycle Maintenance. New York: 
William Morrow & Co., 1974.
Poole, F.G., and McKeown, F.A. Oak Spring Group o f the Nevada Test 
site and Vicinity, Nevada. U.S. Geological Survey Professional 
Paper 450-C, 1962, C60-C62.
151
Poole, F.G., D.P. Elston, and W.J. Carr. Geologic Map o f the Cane
Spring Quadrangle, Nye County Nevada. Geologic Q uadrangle 
Map GQ-455. U.S. Geological Survey, 1965.
Press, H. and others. Numerical Recipes in Pascal. Cambridge: 
Cambridge University Press, 1990.
Rautm an, C.A. Estimates o f Spatial Correlation in Volcanic Tuff, Yucca 
Mountain, Nevada. Sandia National Laboratory Report 89-227, 
1989, 110 p.
Rayburn, C.J., S.L. Drellack, and P.H. Thompson. “Occurrence,
D istribution and M easurement of Carbonate in the Alluvium of 
Southern Yucca Flat, Nevada Test Site.” Proceedings o f  the Fifth 
Symposium on Containment o f Underground Nuclear Explosions, 
Volume 2 in Santa Barbara, California, September 19-21, 1989 
by Lawrence Livermore National Laboratory, 1989, 186-205.
Remson, I., S .J. Dreiss, and A.G. Joum el. “Radioactive Waste
Disposal -  an  Application of Predictive Geology.” Predictive 
Geology with Emphasis on Nuclear-Waste Disposal, eds.
Ghislain de Marsily and Daniel F Merriam. Computers & 
Geology, Vol. 4. New York: Pergamon Press, 1982.
Ripley, B.D. Spatial Statistics. New York: Jo h n  Wiley & Sons, 1981.
Ripley, B.D. Statistical Inference fo r  Spatial Processes. New York: 
Cambridge University Press, 1988.
Rock, N.M.S. Numerical Geology. Lecture Notes in E arth Sciences, Vol. 
18. Berlin: Springer-Verlag, 1988.
Rosenbaum, J.G . “Magnetic Grain-Size Variations Through an  Ash 
Flow Sheet: Influence on Magnetic Properties and Implications 
for Cooling History.” Journal o f  Geophysical Research, Vol. 98, 
No. B7, (1993): 11715-11727.
Rubin, Y. et al. “Estim ation of the Hydraulic Param eters of the Rio- 
Maior Aquifer in Portugal by Using Stochastic Inverse 
Modeling.” Journal o f Hydrology, Vol. 118, (1990): 257-279.
Schlumberger Educational Services. Opehhole Formation Evaluation. 
Houston,Texas, 1989.
Seaber.P.R “Hydrostratigraphic Units.” Geology o f North America. Vol. 
0-2 , No.2, 1988: 9-14.
Seaber, P.R Proposed Addition to the North American Code o f  
Stratigraphic Nomenclature (Unpublished Draft). 1992.
152
Shan, C. and D.B. Stephens. “A Borehole Field Method to Determine 
U nsaturated Hydraulic Conductivity.” Water Resources 
Research, Vol. 29, No. 8, (1993): 2763-2769.
Smith, R.L. Zones and Zonal Variations in Welded A sh  Flows. U.S. 
Geological Survey Professional Paper 354-F, 1960.
Spence, N.A. “A Multivariate Uniform Regionalization of British
Counties on the Basis of Employment Data for 1961.” Regional 
Studies. Transactions of the Institute of British Geographers, 
V.2, 1968.
Sudicky, E.A. and P.S. Huyakom. “Contam inant Migration in
Imperfectly Known Heterogeneous Groundw ater System .” 
Review o f Geophysics, (1991): 240-253
Wagoner, J.L. and H.L. McKague. The Alluvial Valley Fill, Yucca Flat, 
Nevada. Lawrence Livermore National Laboratory, 1984.
Warren, R.G. Geologist, Los Alamos National Laboratory. Personal 
Communication, 1994.
Wartenberg, D. “Spatial Autocorrelation as a  Criterion for Retaining 
Factors in Ordinations of Geographic D ata.” Mathematical 
Geology, Vol. 17, No. 7, (1985): 665-682.
W heatcraft S.W and J.H . Cushm an. “Hierarchical Approaches to 
Transport in Heterogeneous Porous Media.” Review o f  
Geophysics, (1991): 263-269.
Winograd, I.J., and W. Thordardson. Hydrogeologic and
Hydrochemical Framework, Southcentral Great Basin, Nevada- 
Califomia, w ith Special Reference to the Nevada Test Site. U.S. 
Geological Survey Professional Paper 712-C, 1975.
Wood, W.W. and L.A. Fernandez. “Volcanic Rocks”. Geology o f North 
America  Vol. 0 -2 , Geological Society of America, 1988: 
353-365.
Yang, J.S.Y. “Flow and Transport in Fractured Rocks.” Review o f  
Geophysics, (1991): 254-262.
Younger, P.L. ‘T he Hydrogeological Use of Thin Sections: Inexpensive 
Estim ates of Ground Water Flow and T ransport Param eters.” 
Quarterly Journal o f Engineering Geology, Vol. 25, (1992): 
159-164.
U.S. Departm ent of Energy. Nevada Operations Office. Office of
External Affairs. Announced United States Nuclear Tests, Ju ly  
1945 Through December 1990. W ashington, D.C.: U.S. 
Departm ent of Energy, 1991.
153
U.S. Geological Survey. Geologic Names Unit Lexicon (GNULEX)
database from Stratigraphic Nomenclature Databases fo r  the 
United States, Its Possessions and Territories. CD-ROM Digital 
D ata Series DDS-6. Renton, Virginia: U.S. Geological Survey,
1992.
